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Abstract

Brillouin based distributed fibre sensors gained a lot of attention in recent years for
structural health monitoring applications, due to their higher sensing range over tens of
kilometres and distributed measurement capability of simultaneous strain and
temperature. In Brillouin optical time domain reflectometry (BOTDR) system, the signal-
to-noise ratio (SNR) determines the sensing performance of the system. However, the
SNR is limited by the restricted maximum input pump power, which is limited by the
non-negligible nonlinear effects, such as stimulated Brillouin scattering.

In this research, a novel wavelength diversity technique is proposed to enhance the
SNR, hence improve the strain and temperature measurement accuracies, which is
required for accurate rail-track condition monitoring. In addition, this research work
presents the following contributions (i) a simple, low-cost passive depolarizer is adopted
to reduce the polarization noise; (ii) an inline erbium-doped fibre amplifier (EDFA) is
employed at a certain distance to amplify the attenuated pulse in order to improve the
sensing range; and (iii) a cost-effective reference Brillouin ring laser is used in BOTDR
system to overcome the complexity of the receiver bandwidth reduction.

The proposed wavelength diversity BOTDR system combined with a passive
depolarizer and Brillouin ring laser is validated over a 50 km sensing fibre with a 5 m
spatial resolution. The SNR is improved by 5.1 dB, which corresponds to 180%
improvement compared to a conventional BOTDR system. Whereas, the strain and
temperature accuracies at a 50 km fibre distance are £10 pe and £0.45°C, respectively.
Furthermore, for the first time, simultaneous integration of long-term evolution (LTE)
radio-over-fibre (RoF) data system and BOTDR sensing system using a single optical
fibre is proposed and demonstrated. The error vector magnitude (EVM) performance of
LTE-RoF data system is analysed for three modulation formats of QPSK, 16-QAM and

64-QAM in the presence of various BOTDR sensing powers.
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Chapter 1

Introduction

1.1 Introduction and Motivation

In 1966, Charles Kuen Kao [2] proposed an optical fibre made with a thin piece of a
glass material as a transmission medium for communication and is notably known as the
“Father of fibre optics”. In 2009, he was awarded a Noble Prize in Physics for his
pioneering work on optical fibres. When optical fibre were first invented, the attenuation
exceeded 1000 dB/km [3]. In 1960, Miaman [4] invented the laser at a better wavelength
of 1 um, hence the attenuation was greatly reduced to 20 dB/km. In 1969, scientists
concluded that the fibre material impurities caused the high attenuation in the fibres. In
1972, Corning Glass Works made a silica multimode fibre with minimised material
impurities and achieved a loss of 4 dB/km [5]. During the 1970s, the optical fibres got the
centre of interest for nonlinear optics community as well. In 1981 [6] the use of single-
mode silica optical fibre over 44 km was demonstrated and the fibre attenuation was
reduced to 0.2 dB/km at 1.55 um wavelength. Since then, the optical fibre has been
undergone intensive investigations and been applied to many different fields of
applications. Apart from its low attenuation, the optical fibre demonstrates other
advantages, such as low cost, small size, light weight, high bandwidth and immunity to
electromagnetic interference (EMI). Fibre optic communication has become the ultimate
choice for the gigabit and even beyond gigabit data transmission. Recent advances in fibre

optic communication have significantly changed the telecommunications industry.



Whilst, the role of optical fibres in the communication industry is well known, the
technology has been extended to another emerging application, optical fibre sensing.
Among other kinds of sensors, optical fibre sensors have several advantages, such as high
sensitivity, high measurement resolution, small size, light weight, immunity to EMI,
resistance to chemical corrosion, remote sensing capability, ease of installation and harsh
environmental capability [7]. The tremendous growth of fibre optic sensors can be applied
to various sensing measurements such as strain, temperature, vibration, rotation, humidity
and refractive index. Fibre sensors gradually become central for many industrial
applications [8, 9], such as (i) structural health monitoring (rail-track, oil/gas pipelines,
aeroplanes, dams/bridges, wind turbines, critical infrastructures), (ii) medical (blood
flow, pH content, gas analysis, glucose content, breath rate) and (iii) military applications
(aircraft, border security monitoring, fire detection, ships monitoring). Fibre sensors can
be classified into three categories; (i) point based fibre sensors (ii) quasi-distributed fibre
sensors and (iii) distributed fibre sensors. The point sensors, such as fibre Bragg grating
(FBG) and long period grating (LPG) measures only at the specific location of interest,
whose length is typically 5 to 10 cm [10]. Point sensors can be multiplexed (known as
quasi-distributed) up to certain sensing range, but this will greatly increase the system
cost and complexity. For distributed fibre sensors, the whole fibre medium acts as a
sensing element in the range of several kilometres.

Large structural infrastructures, such as rail-track, railway tunnels/bridges, buildings,
dams and pipelines are subjected to many unforeseen factors and events during their
lifetime. They can be inspected manually, but the internal stresses and strains affecting
their infrastructure remain all but impossible to measure in a practical efficient way.
Structural health monitoring allows control of the safety and integrity of a structure over
time. The monitoring of structural deformation of the entire structure is difficult with a

point or quasi-distributed fibre sensors. Therefore, monitoring the health condition of the



infrastructures have become an ultimate driving force for the development of distributed
fibre sensors. In the last two decades, distributed fibre sensors have gained a lot of
attention and has seen a tremendous growth. Distributed fibre sensors offer an innovative
technology for a spatially distributed measurement based on Raleigh, Brillouin and
Raman scattering. By analysing the backscattered signal frequency, intensity and phase,
one can realize a distributed measurement of strain, temperature and vibration over tens
of kilometres [11, 12]. Large infrastructures, for instance rail-track and railway
tunnels/bridges, are subject to continuous stress and temperature variations that produce
flaws. Moreover, minor cracks due to heavy loads or temperature variations over time
will lead to dramatic structural failure. The distributed fibre sensors market for different
applications are illustrated in Figure 1.1. The distributed fibre sensors are widely adopted
in oil/gas industry and several structural health monitoring applications to enhance the
inspection efficiency and distributed measurement capability. In 2016, the distributed
fibre sensor market in the world stood at approximately US $1.18 billion. The market was

predicted to approach more than US $1.85 billion in 2018 [13].
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1.2 Problem Statement

Modern British railways are required to operate trains with a high level of safety,
reliability and punctuality. During 2016/2017, the British national PPM (public
performance measurement) percentage is very low as 84.3% [15]. The PPM is defined as
the percentage of trains arriving at the terminating station within ten minutes of commuter
services. Normally in the UK, rail-track monitoring is carried out through visual
inspection by a geometry car to detect the infrastructure failures. Some regions use a point
sensors such as electrical strain gauges and temperature sensors. Rail-track infrastructure
is affected by the extreme weather conditions, tons of load on track, landslides, track
ballast deformation and flooding along the rail-track [16, 17]. The rail-track deformations
and buckling-related derailments are a huge economic burden to the railway industry. As
per UK’s office of rail regulations (ORR) periodic review, during the 2015 summer
heatwave, 137 track buckling events were reported within the UK, at a reportable damage
of £2.5 million [18, 19]. The economic damages were projected to increase up to £4.5
million by the 2030s [19]. Current, conventional monitoring techniques are expensive and
ineffective in achieving accurate condition monitoring of the rail-track for long life
operation. The worst train accidents occurred in the world recently where the rail-track
are inspected by the current generation of technology. Therefore, it is essential to deploy
real-time monitoring system of the rail-track infrastructure with more accurate, cost-
effective (£202/mile [20]) and efficient way.

In the field of railway/underground industry, the distributed fibre sensor is an
innovative technology, due to easy maintenance, remote condition monitoring and
distributed measurement capability of both strain and temperature in real-time. An
installed optical fibre along the rail-track can monitor the health condition of the rail-track

for up to several tens of kilometres. Recently, Brillouin based distributed fibre sensors



gained lots of attention, due to their advantages compared to Raman based sensors. Such
popularity has emerged from their ability to measure both the strain and temperature
simultaneously for a sensing range of several kilometres. However, the measurement
accuracy and sensing range in Brillouin based distributed sensors are still limited by some
factors, such as the weak nature of the backscattered Brillouin signal (typically at nW),
silica fibre double path loss (typically 0.4 dB/km at 1550 nm), noise sources and nonlinear
effects that limit the maximum input pump power. If the input pump power is above the
nonlinear threshold, it will result in a rapid depletion of the pump power; hence reduce
the sensing range and accuracy of strain and temperature. In Brillouin based distributed
fibre sensors, the signal-to-noise ratio (SNR) determines the sensing performance. The
SNR is primarily governed by the injected pump pulse power into the sensing fibre.
Increasing the injected pump power into the sensing fibre will improve the SNR but the
level of the pump power is limited by the non-negligible nonlinear effects. Therefore,
Brillouin based distributed fibre sensors have a restricted SNR, thus limited measurement
accuracy and sensing range. However, monitoring the rail-track infrastructure essentially
requires higher measurement accuracy (<+0.5°C and <+10 ue for temperature and
train, respectively) for a sensing range of more than 50 km [21].

On the other hand, providing a new fibre infrastructure for rail-track monitoring using
distributed fibre sensor system is a huge economic burden and high complexity, which
discourages the wide-spread use of distributed fibre sensor system. If we use the existing
active data transmission fibre infrastructure for distributed sensing, this will turn out to
be a cost-effective and efficient way to use with less complex. For example, rail industry
uses a fibre link installed along the trackside for data transmission. The simultaneous
integration of distributed sensing system with existing optical fibre cable can be used for
remote condition monitoring of landslides, track ballast deformation, electric-pole/tree

fall, snow drifts, flooding and lineside fire detection in real-time.



For measuring distributed strain and temperature, two Brillouin-based techniques are
widely used; the Brillouin optical time domain reflectometry (BOTDR), based on
spontaneous Brillouin scattering (SpBS) and Brillouin optical time domain analysis
(BOTDA), based on stimulated Brillouin scattering (SBS). The BOTDR system features
simple implementation schemes and only requires access to the single end of the sensing
fibre. Whereas, the BOTDA system requires access to both ends of the sensing fibre with
complex system implementation. The main aim of this research into BOTDR system is
to address its limitations in order to improve the SNR and overall sensing performance.
The work described in this thesis is based on the authors own research in collaboration
and discussion with the members of research groups, Optical Communications Research
Group (OCRG) and Smart Sensors research group at Northumbria University. Any
material/data adopted from other sources to make this research work more comprehensive

is clearly referenced.

1.3 Aim and Objectives

The aim of the present research is to introduce a wavelength diversity technique in
BOTDR system in order to enhance the sensing performance. The innovative wavelength
diversity BOTDR system is expected to be effectively applied for structural health
monitoring applications, particularly rail-track condition monitoring.

The key objectives of this research include:

1. To design and investigate a novel BOTDR and BOTDA system performance and
address the major noise sources and its limitations.

2. Propose and design the optimisation techniques, such as employing a balanced
photodetector, reference Brillouin ring laser for cost-effective receiver bandwidth

reduction, and employing an inline EDFA for sensing range improvement.



3. Propose an innovative wavelength diversity technique in order to improve the
SNR of the BOTDR system, thus improving the sensing performance.

4. Experimental investigation of proposed wavelength diversity BOTDR combined
with a simple, low-cost passive depolarizer to suppress the polarization noise.

5. Design and implementation of integrating the long-term evolution (LTE) radio-
over-fibre (RoF) data system and BOTDR sensing system using a single optical

fibre.

1.4 Original Contributions

This thesis introduces a number of original contributions to the knowledge that are

summarised as follows:

» A detailed investigation of the BOTDR and BOTDA sensing system is carried
out. The input pump power limitation and main noise sources are carefully
identified in order to achieve better sensing performance. In this regard, a
wavelength diversity technique is proposed in BOTDR system to overcome the
input pump power limitation due to the nonlinear effects. As a result, the SNR is
improved and higher measurement accuracy for strain and temperature is
achieved. We developed an SNR equation for the proposed wavelength diversity
BOTDR. These results have been published in [C4], [C6] [C7] and [C8].

» In order to detect the weak Brillouin signal at the receiver, a balanced
photodetector is employed and demonstrated. Thereafter, for improving the
sensing range, an inline erbium-doped fibre amplifier (EDFA) is used in BOTDR
system at a certain distance to amplify the attenuated pulse without scarifying the
spatial resolution. The proof-of-concept has been demonstrated with an improved
sensing range of 50 km and 5 m spatial resolution. The results have been published

in [C1].



» Considering the complexity and expensive methods required for polarization
noise suppression in BOTDR system, a simple, low-cost passive depolarizer is
adopted in proposed wavelength diversity BOTDR. In Chapter 6, the proposed
system proof-of-concept is demonstrated using a 25 km sensing fibre with 5 m
spatial resolution. The results demonstrate an SNR improvement of 4.85 dB,
which corresponds to 174% improvement compared to a conventional BOTDR
system. The results have been published in [C2], [C3] and [J2].

» As asolution to overcome the complexity of the receiver bandwidth reduction, a
reference Brillouin ring laser is used in a proposed wavelength diversity BOTDR
system with a passive depolarizer. The proposed system validated over a 50 km
sensing fibre with a 5 m spatial resolution. Ata 50 km fibre distance, the improved
SNRis 5.1 dB and the strain and temperature measurement accuracies were £10pe
and +0.48°C, respectively. These results have been published in [J1].

» In Chapter 7, we proposed and investigated the simultaneous integration of LTE-
RoF data transmission system and BOTDR sensing system over a single optical
fibre. The error vector magnitude (EVM) is analysed for three modulation formats
of quadrature phase-shift keying (QPSK), 16-quadrature amplitude modulation
(16-QAM) and 64-QAM in the presence of various BOTDR input pump powers.
The temperature effects on EVM performance (0.024+0.0025%/°C) and Brillouin
gain spectrum (1.07+£0.013 MHz/°C) has been investigated simultaneously using
a 25 km single-mode silica fibre. Finally, the sensing performance and spatial
resolution in the presence of active data transmission has been investigated. For
this purpose, the temperatures have been applied on a 20 m fibre at end of the
sensing fibre. These output results have been submitted to [J3].

The overall contribution of this research is graphically illustrated with a research road

map and shown in Figure 1.2.
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1.6 Thesis Organization

This thesis is mainly focused on the research work dedicated to the BOTDR system
performance improvement and simultaneous integration of LTE-RoF data system and
BOTDR sensing system using a single optical fibre. The organization of this thesis
includes literature reviews, original contributions, conclusions and future work divided
into 8 Chapters.

After a brief introduction including a statement of the problem, aims and objectives,
original contributions and research outcomes, Chapter 2 introduces the light scattering
properties of the optical fibre. The three scattering effects, Raleigh, Raman and Brillouin
scattering are discussed. This includes a theoretical model for both linear and nonlinear
scattering effects with a special focus on Brillouin scattering.

Chapter 3 provides the literature review on distributed fibre sensors with a special
emphasis given to Brillouin based distributed fibre sensors. The various applications of
distributed fibre sensors and operating principles are discussed and the well-known
techniques summarized up to date. Chapter 4 focuses on the investigations of the
conventional BOTDR and BOTDA systems. The main devices such as distributed-
feedback (DFB) laser and Mach-Zehnder modulator (MZM) have been characterized to
better understand the individual device performance. The major noise sources and
performance limitations of the BOTDR system are discussed. A simple, low-cost passive
depolarizer is adopted to reduce the polarization noise and experimentally investigated
including theoretical study. Furthermore, the different key factor effects on BOTDR
system performance, such as a number of trace averages, Brillouin linewidth and sweep

frequency step is evaluated experimentally and compared with the theoretical analysis.
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Chapter 5 describes the few improvement techniques for BOTDR system such as (i)
employing a balanced photodetector (ii) inline EDFA and (iii) reference Brillouin ring
laser. The balanced photodetector, which consists of two well-matched photodiodes,
which significantly improves the receiver sensitivity. An inline EDFA is employed at a
certain distance to amplify the attenuated pulse and increase the sensing range. Whereas,
the cost-effective reference Brillouin ring laser is used for the receiver bandwidth
reduction in the order of few MHz.

Chapter 6 is dedicated to the investigation of the proposed wavelength diversity
BOTDR system, in order to overcome the input pump power limitation due to the
nonlinear effects and therefore improve the SNR significantly. In addition, the proposed
wavelength diversity BOTDR is combined with a Brillouin ring laser and a passive
depolarizer for further improvement.

Chapter 7 introduces and demonstrates the simultaneous integration of LTE-RoF
data transmission system and BOTDR sensing system over a single optical fibre. The
LTE-RoF data system is composed of three modulation formats of QPSK, 16-QAM and
64-QAM, which is modulated using orthogonal frequency division multiplexing
(OFDM). While, the distributed sensing system utilizes a BOTDR with a 5 m spatial
resolution and 25 km single-mode silica fibre.

Finally, Chapter 8 concludes this thesis by summarising all the research findings with
some recommendations for future works that could bring the proposed wavelength
diversity BOTDR system and integrated LTE-RoF data and BOTDR system to the next

level.
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Chapter 2
Light Scattering in Optical Fibre

2.1 Introduction

In general, the optical fibre core material is not completely homogeneous throughout
the fibre length. When a light wave propagates along the fibre, a part of the light
experiences the scattering effect due to core density fluctuations, impurities, thermal and
acoustic vibrations. Therefore, the scattering effect is always present in optical fibres
since no fibre is free from microscopic defects. The light scattering can be classified into
two types (i) linear scattering and (ii) nonlinear scattering. The linear scattering refers to
the case where the incident electric field does not modify the optical medium properties,
which is the case when the input power below a certain nonlinear threshold level.
Whereas, the nonlinear scattering modifies the optical medium properties, which is the
case when the input power is above a certain nonlinear threshold [22]. This chapter briefly
discusses the light scattering types in optical fibre with a special focus on Brillouin

scattering mechanism.

2.2 Linear Scattering

In an optical fibre, three different types of scattering effects, Raleigh, Raman and
Brillouin can be observed in the scattered light spectrum. The scattering can be
categorized into two regimes, namely elastic and inelastic.

» Elastic scattering: the scattered photons maintain their energy; hence no

frequency shift is observed corresponds to the input signal frequency.
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» Inelastic scattering: the scattered photons results from the energy exchange with

the material, which means photons lose/gain energy and undergo a frequency shift

corresponds to the input signal frequency [23]. The spontaneous scattered light

spectrum in a silica optical fibre at a pump wavelength of 1550 nm is illustrated in

Figure 2.1 [24].

As shown in Figure 2.1, the three scattered components, namely Rayleigh, Brillouin

and Raman scattering occur in the optical fibre. The Raleigh scattering, which is an elastic

scattering, originates from the non-propagating density fluctuations, hence it does not

involve any frequency shift. Whereas the Brillouin and Raman, which are inelastic

scattering, undergo an energy exchange between the photons and phonons within the fibre

medium. If the energy transfers from input photons to phonons, the scattered photon

frequency will be lower than the input photons and is denoted as Stokes scattering. On

the other hand, if the energy transfers from the phonons to photons, the scattered photon

frequency will be higher than the input photons and is denoted as anti-Stokes scattering.

The three scattering effects are briefly discussed as follows:

» Rayleigh scattering occurs from the microscopic variations and unequal

distribution of molecule densities over the fibre distance. The Rayleigh scattering

Intensity

where
T is temperature

Input light I I
€ Is strain

Raleigh scattered light

Brillouin Brillouin

Stokes anti-Stokes
Raman Te Te
Stokes <« 7 Rarman

. anti-Stokes

T 1 [ R A T 1
Fa’ | \ : Ik A
voi—vr Vg-Vp vy

——

Frequency

—
~ 11 GHz (~0.088 nm)

».

' ~13THz (~104.18 nm)

>

Figure 2.1. Spontaneous backscattered spectrum in silica optical fibre at a

wavelength of 1550 nm
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frequency is the same as the input light frequency, so-called elastic scattering.
Therefore, Raleigh scattering phenomena does not have any frequency shift [25].
In 1871, the British Scientist Lord Rayleigh is firstly observed the Rayleigh
scattering by the particles much smaller than the light wavelength. The Rayleigh
scattering is a promising technique for the well-known device, optical time
domain reflectometer (OTDR), which is used for measuring the fibre length,
attenuation and damage detection over the fibre length. However, the Rayleigh
scattering is not an effective mechanism to measure the strain and/or temperature.
Raman scattering arises from the interaction between input light and molecular
vibrations or phonons. The phonons involved in this process often called as optical
phonons and generated by a thermal agitation [26]. The optical phonon vibrations
are much higher than the acoustic phonons, which results in a scattered frequency
shift of ~13 THz for a silica fibre. The scattered magnitude is ~30 dB weaker than
the Rayleigh scattering. Raman scattering has a frequency shift from the input
light, so-called inelastic scattering. The Raman scattering intensity linearly
changes with the temperature, where the population density of the energy levels
governed by the optical phonon distribution [6]. In contrast to Rayleigh scattering,
the Raman scattering can be used for distributed temperature measurement.

Brillouin scattering arises from the interaction of light with propagation density
fluctuations or acoustic phonons. The interaction of input photons and acoustic
phonons results in a frequency shift of Brillouin scattering, which depends on the
acoustic velocity of the medium. The Brillouin scattering frequency shift is on the
GHz scale (~11 GHz) [25]. In 1920, the French physicist Leon Brillouin
investigated the light scattering at acoustic waves, this effect was named after him.

In contrary to the Raman scattering, there are no vibrational modes of the
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Table 2.1. Key parameters of spontaneous backscattered spectrum for silica fibre
at 1550 nm [25, 27-29]

Parameter Brillouin Raman Rayleigh

Frequency shift ~10-12 GHz ~13THz 0

Spectral linewidth ~20-100 MHz ~5THz -

Scattered power ~15dB ~30 dB -

weaker than Raleigh

Gain coefficient ~5x10 m/w 7x104 m/w

Measurable physical ~ Strain and Temperature  Fibre loss

quantities temperature (vibration)

Measurement target Frequency and Intensity Intensity
intensity (Phase)

Peak power change ~0.30%/°C ~0.80%/°C -

with temperature
Peak frequency change ~1.1 MHz/°C - -
with temperature

Peak power change ~-9%x10%%/ue - -
with strain
Peak frequency ~0.048 MHz/ue - -

change with strain

molecules but the density fluctuations of the medium is responsible for the Brillouin
scattering effect.

Table 2.1 summarizes the key parameters of the spontaneous scattering of silica fibre
at 1550 nm pump wavelength. For silica based fibres, the Brillouin frequency shift is in
the order of 10-12 GHz (depending on the material doping concentration) and the
Brillouin linewidth at full width at half maximum (FWHM) of typically 20-100 MHz,
which is determined by the short acoustic phonon lifetime of ~10 ns. Whereas, the Raman

scattering experiences a huge frequency shift of ~13 THz and linewidth of ~5 THz.

2.2.1 Theoretical Model of Spontaneous Brillouin Scattering

Brillouin scattering originates from the acoustic phonons in contrast to the Raman

scattering which originates from optical phonons. The acoustic vibrations are present
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everywhere within the optical medium. The phonon population distribution follows a

Bose-Einstein distribution law [30],

NI 1 2.1)

phonons 2 (hf ]
expl — | |-1
KT

where f is the phonon frequency, h is the Planck’s constant, k is the Boltzmann

constant and T is the temperature in Kelvin. The acoustic phonons can be expressed as
density fluctuations which originate from the two independent thermodynamic variables,
such as the pressure P and entropy S, and it can be expressed as [22],

Ap = P Ap+(a—pj As (2.2)
op ) os ),

where p is the material density. The first term on the right-hand side of the above

equation (2.2) is due to the acoustic vibrations (adiabatic density fluctuations) and
describe the spontaneous Brillouin scattering. The second term originates from the
isobaric density fluctuations (entropy fluctuations) and gives rise to Rayleigh scattering.
The entropy fluctuations are frozen in the medium, therefore, the photons are elastically
scattered in Rayleigh scattering. Whereas, the Brillouin scattering is due to the interaction
of optical waves and propagating acoustic vibrations. Hence, the Brillouin scattered
photons have a frequency shift corresponds to the input pump signal frequency. The
change of the material density in equation (2.2) includes a variation of the dielectric

permittivity constant, < and it can be expressed as [31],

Aez(ﬁ—e Ap+(a—€j AT (2.3)
op )r ar J,
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The second term in the above equation (2.3) is considered negligible, as the density
fluctuation influences are stronger than the temperature variations. Substituting the first
term of equation (2.2), which is crucial for Brillouin scattering into the equation (2.3) and

yields to,

AE:(a—Ej (a_pJ Ap:ﬁKa_p] Ap (2.4)
op )\ op ), Po L OP

where the electrostrictive coefficient 7, is assumed as,

Oe
= = (2.5)
Te =P ( op jT

where p, is the mean material density. The induced polarization, P for a dielectric

material that is exposed to an electric field, E can be expressed as [32],
P=¢, Z(l)E (2.6)
where ;((1) is the first order (linear) dielectric susceptibility, €, is the vacuum dielectric

permittivity. By the help of equation (2.4), one can calculate an additional contribution

(P,gq) to the polarization according to equation (2.6) [33],
P=c, #".E+Aec.E=¢, y%. E+Py, (2.7)

where P,y =A€.E, is the additional polarization contribution. Substituting equation

(2.4) into P,y , we can get,

al

2.8
Pdd=ﬁ[2—’;j Ap.E=Lepp. E @8

o pO
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Any pressure wave P gives rise to material density change (Ap), which obeys the wave

propagation equation* [33],

2 2.9
‘Zt—f—erz%—vgvzpzo (29)

where V, is the acoustic velocity, I'g is the acoustic damping coefficient, which

describes the sound attenuation in the medium.
If the acoustic wave assumed as a monochromatic temporal behaviour, then the related

density wave changes in the form of,

1

- E[A(z,t)ej(“’Bt_kBr) +A” (z,t)e‘j(“’Bt_kBr)] (2.10)

Ap

where A is the peak amplitude at fibre distance Z and at a given point intime t, @g

and kB are the angular frequency and wave vector of the acoustic wave, respectively. In

the same approach, the optical waves have to fulfil the optical wave equation [30]

o - n® & o’
R R @40

The monochromatic pump wave propagating along the fibre distance z, the associated

electric field is expressed as [22],

E(r.t)=¢e, %[Ep (z,t)ej(“"’t—k”r) +E (z,t)e_j((”"t_k”r)} (2.12)

where @, is the angular frequency, kp is the wave vector and €, is the unitary vector

of the polarization state of the input pump wave. In equation (2.12), the electric field
distribution over the fibre distance is neglected, therefore, the plane wave expression is

considered.

! This equation, which is well known in the field of acoustics, it can be easily derived from the
Navier-Stokes equations for the case of a viscous and compressible fluid [34].
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Bringing acoustics and optical waves together, replacing equations (2.10) and (2.12)

into equation (2.11) and utilizing the equation (2.5) one can obtain [35],

0 n*d_ _ y 2 (0, - Jt-(K, ko )
aZ—ZE—C—ZgE = ep4e |:((l)p+(l)B) AEpe +
Po

2 x j(@,—og t—(k,—
(a)p—a)B) A EpeJ< e (ks kB)r}+c.c

(2.13)

where C. C is the complex conjugate. From the above equation, two spectral components

are described the Stokes wave at a lower frequency @, —®g and anti-Stokes wave at a

higher frequency @, + g [25].

The spontaneous Brillouin scattering is classically described as an interaction between
the input pump wave and the acoustic wave as a Bragg diffraction. The pump wave
generates an acoustic wave through the process of electrostriction [36]. The acoustic wave
modulates the material density, which induces a modulation of dielectric permittivity and
can generate a periodic structure similar to Bragg Grating. The light wave scattered back
by this moving diffraction grating and undergoes a frequency shift due to Doppler Effect
[37]. The energy and momentum conservation for the Stokes wave is given by,

0, = 0+ 0y (2.14)
kp =K +Kg (2.15)

where @,,, @;, @y are angular frequencies of input pump wave, Stokes wave and

acoustic wave, respectively. The K, K;, Kg are the wave vectors of pump wave, Stokes

wave and acoustic wave, respectively. The respective wavelengths can be obtained as,

M:?, |ks|=%, and |kB|=i—”=& (2.16)
p s 8 Va
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As shown in Figure 2.2, the conservation of momentum with an angle 6 between the pump

and Stokes wave can be written as,

S' —>
&
E O‘fé‘s Acoustic wave q ’a)B
S ,a)s LPQD
(] —>
g,wg -
> Ks,o,

_)

q
k p ,C()p Qqﬁ‘b‘

s

Figure 2.2. Stokes process of spontaneous Brillouin scattering in Bragg diffraction

regime

2.17
ol =[k, 4]k, 2Jk, @40

lks|cos(0,)
where 0 o,s IS the angle between the pump wave and Stokes wave as shown in Figure 2.2.
Using equation (2.16) and (2.17) as well as |k,|~|k,|, the angular frequency of the

acoustic wave can be derived as [38],
- ep S
Wy =2va‘kp‘sm T (2.18)

In a standard bulk medium, the scattering takes place in all the directions. In optical fibres,
the scattering is essentially guided in a forward and backward direction. As per equation
(2.18), the Brillouin frequency shift in forward direction (6=0) vanishes, whereas, in the

backward direction, =180 is at maximum. Therefore, the maximum Brillouin frequency

shift Vg is calculated using a relation from the equation (2.16) ‘kp‘ =2zn/ 4, as,

G (2.19)

2 A

Vg

Using typical values of silica fibre, such as N =1.45, V, =5960 m/s and /1p =1550 nm, the

Brillouin frequency shift Vg approximately ~11 GHz. The Stokes wave has the frequency
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of V, —Vg and the Anti-stokes frequency is V, +Vg. As mentioned earlier, the backward

Brillouin scattering originates from the interaction of input pump wave and longitudinal
acoustic waves. The equation (2.18) predicts that the Brillouin scattering occurs in only
in backward direction. However, a small amount of Stokes light is guided towards a
forward direction (parallel to the pump propagation), as the acoustic wave consists
transverse wave nature [39]. This forward Brillouin scattering is called guided acoustic
wave Brillouin scattering (GAWBS) [40]. However, the GAWBS phenomena, the

scattered light is extremely weak and will not be considered further in this thesis.

2.2.2 Brillouin Linewidth

The Brillouin linewidth, AVg is referred to as the linewidth (full width at half

maximum (FWHM)) of the Brillouin gain spectrum when a monochromatic pump wave

is used. The Brillouin linewidth depends on the acoustic wave damping coefficient, I'g

. For the shorter acoustic lifetime, the linewidth will be larger, whereas, for the longer

acoustic lifetime, the linewidth will be smaller.

The acoustic wave damping time or phonon lifetime, 7, is inversely proportional to

the damping coefficient, I'g and denotes the average acoustic phonon lifetime. The

typical acoustic phonon lifetime for silica-based fibre is approximately ~10 ns [41]. The

phonon lifetime highly depends on the acoustic wave frequency at a given pump

wavelength. The Brillouin linewidth, AVg can be expressed as [22],

ay=feo b (2.20)
/A T

a
The further discussions of the relation between the Brillouin linewidth and acoustic
lifetime can found in [42]. For a continuous wave pump source, the Brillouin gain

spectrum has a Lorentzian shape and can be expressed as [43],
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Table 2.2. Values to calculate the Brillouin gain coefficient for silica fibre

Parameter Symbol Value
Refractive index n 1.45 [44]
Photo-elastic coefficient P1, 0.29 [45]
Polarization factor 7, 0.5 [46]

(for standard single mode fibre)

Light velocity c 2x108 m/s
Pump wavelength gp 1550 nm
Material density P 2,200 kg/m?® [47]
Acoustic velocity Vv 5,960 m/s [47]
a
Brillouin linewidth (FWHM) AV, 30 MHz
(Avg /2)° (2.21)

=06 L (s 127

where (j is Brillouin gain coefficient, AVg is Brillouin linewidth at FWHM, Vg is the
Brillouin frequency shift. Furthermore, the Brillouin gain coefficient, g can be

expressed as [46],

. 271 Py, (2.22)
o Paly
CA2 PV, AVg

where N is the refractive index, P;, is the photo-elastic coefficient of the silica fibre,

¥, 1S polarization factor, /1p is the pump wavelength, o is the material density of the

silica, V, is the acoustic velocity and AVg is the Brillouin linewidth at FWHM. The

Brillouin gain coefficient gives the fractional increase in signal intensity per unit length,

therefore it has the unit of m/W. Considering the values defined in Table 2.2, and using

equation (2.22), the obtained Brillouin gain coefficient is, Jg ~5x10! m/W.
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2.2.3 Spontaneous Raman Scattering

The Raman scattering was first discovered by an Indian scientist C. V. Raman in
liquids and awarded a Noble Prize for Physics in 1930 [48]. Raman backscattering is an
inelastic scattering, as the input pump signal transfers some of the photons to new
frequencies [22]. The higher frequency optical phonons are present within the medium as
vibrational modes. Therefore, the Raman frequency shift is much higher as ~ 13 THz
from the input pump signal frequency. Moreover, the linewidth at FWHM of spontaneous
Raman scattering is approximately ~5 THz and the optical phonon decay time is 150 fs.

Figure 2.3 illustrates the process of Raleigh and Raman scattering in a silica fibre. In this
process, the input photons at a frequency of th (where h is a Plank’s constant)
undergoes an energy change either losing or gaining energy, therefore the Raman Stokes

—_ l -_ 1 i
(hv, —hv;) and anti-Stokes (hv,, +hv;) are generated respectively

Virtual energy 4 Energy 7T T7S Vi r_tu_al_e_ngréy_ Y
states states
Y R Y Y -~
hv hv, hv hv, —hv,  hv, hv, +hv,
> - M Vi¥S VS VS
Input sca?ttglr?ng Input Raman  Input Raman
wave wave Stokes  wave anti-Stokes
First excited \ 4
vibrational state y
o _"h Ground state - = A 4
aleig aman
scattering scattering
(@) (b)

Figure 2.3. Diagram of molecular vibration energy levels for (a) Raleigh scattering
(b) Raman Stokes and anti-Stokes scattering
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2.3 Nonlinear Scattering

In contrast to linear or spontaneous scattering, nonlinear scattering modifies the
material optical properties. There are two different nonlinear scattering effects in optical
fibres, namely stimulated Brillouin scattering (SBS) and stimulated Raman scattering
(SRS). The both SBS and SRS are inelastic scattering process associated with the
vibrational excitation modes of the fibre [49]. At a sufficiently high input pump power
the nonlinear scattering effect is observed. The following sections discuss the SBS and

SRS and their threshold power with theoretical description.

2.3.1 Stimulated Brillouin Scattering

The spontaneous Brillouin scattering results from the interaction of input pump light
with acoustic phonons and associated Doppler shift, while the acoustic phonon population
is described by the Bose-Einstein law equation [50]. In this interaction either a phonon is
created (anti-Stokes process) or annihilated (Stokes process) [51]. At a certain larger
pump intensity, the spontaneous Brillouin scattering becomes a nonlinear process. The
large intensity produces a fibre core compression through electrostriction process. The
electrostriction phenomena produce much higher density fluctuations within the fibre
material medium. Gradually, it increases the material disorder, which turns to modulate
the linear refractive index to nonlinear medium, which is called electrostrictive
nonlinearity [52]. If the input pump power is sufficiently high enough to generate SBS,

then most of the power backscatter and pump power depletes rapidly.

2.3.1.1 Brillouin Threshold Power

Taking into consideration of the input pump wave and Stokes wave; the initial growth

of Stokes intensity under the continuous wave can be written as [25],
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les ~gal,l, (2.23)

where g is Brillouin gain coefficient (described in equation (2.22)), |p and I are the

intensities of pump and Stokes wave, respectively. Considering the fibre losses at Stokes
frequency and counter-propagating nature of the Stokes wave, the equation (2.23) can be
expressed as [25],

di
dz

:_gB|p|s+as|s (224)

Furthermore, the pump wave coupled equation can be written as,

dl 1)

p p
—=——0gl, I,
o, P P

. (2.25)

p
s

where @, is the fibre loss at the input pump frequency. For simplicity, we may consider

o, =~ @ and hence &, ~ s =a because of small Brillouin frequency shift from the input

pump frequency. Now the coupled equations (2.24) and (2.25) can be expressed as,

dl

o - dslelstals (2.26)

di,

E:_gBlpls_alp (227)

The threshold power is described as, the maximum input pump power level at which the
nonlinear effect starts. The threshold level is reached when the backscattered Stokes
power equals the fibre output power [53].

In the case where the Stokes power is much smaller than the input pump power we
may assume that the pump power is not depleted and thus the term —0gl pls in equation

(2.27) can be neglected and the resultant equation can be written as,
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dar,

. =—al, (2.28)

The solution of the above equation (2.28) can be written as [54],
1, (2)=1,6" (2.29)
where Ip(z) and |p are the pump intensity at fibre distance Z and the input pump

intensity, respectively. Using equations (2.26) and (2.29), we can have,

dl, .
_ _q.1 etenn.
dz 9slp

+al (2.30)

The solution of above equation (2.30) can be written as [54],

I =1 (Lyel®tnt) (2.31)

where Ly is the effective fibre interaction length. Using equation (2.31) and (2.29), we

can be written as,

gBPpLeff
P, =P (L)e e Ar (2.32)
and
—p alat 2.33
P, (L) = P,e ") (2.33)

where the power is related to the intensities as, P, = Ayl and Py =Agl,. The Ag is

the effective area of the fibre. The threshold power can be calculated from the equation

(2.32) and (2.33), and it can be approximated as [55],

. 21k Ay

P
" g B Leff

(2.34)

where the polarization factor kp lies between the 1 and 2 depending on the relative

polarization of the pump and Stokes wave [56]. The threshold power is just doubled if the
polarization factor is equal to 2. The experimental analysis of Brillouin threshold
measurement will be discussed in Chapter 4, Section 4.3.3.
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2.3.2 Stimulated Raman Scattering

As mentioned earlier, the spontaneous Raman scattering originates from the
interaction of input pump wave with molecular vibrations (optical phonons) of the
medium. This is a weak process in comparison to Rayleigh scattering. If the input pump
power is sufficiently high and the interference of pump wave and the Stokes wave is
strong enough to stimulate the molecules to vibrate at Raman frequency, thus the
scattering becomes a stimulated process. The critical pump power (threshold power) of

stimulated Raman scattering (SRS) can be expressed as [31],

PSRS ~ lg'%ff

" grle (239

where (g is the Raman gain coefficient, which is approximately, Js=7x10"* m/W for

single-mode silica fibre at 1550 nm pump wavelength [55]. The threshold power for SRS
is much higher than the SBS. The SRS process is exploited in several applications, such
as Raman fibre lasers [57] and Raman fibre amplifier [58]. The Raman fibre amplifier is
extensively investigated in Brillouin based distributed sensors to enhance the sensing

range significantly [59].

2.4 Summary

This chapter was dedicated to the theoretical analysis of the light scattering in optical
fibre with a special focus on Brillouin scattering. The elastic and inelastic scattering was
discussed including a spontaneous backscattered spectrum in silica optical fibre, which
consists of Raleigh, Raman and Brillouin scattering. The Brillouin scattering originated
from the interaction of photons and acoustic phonons, while the Raman scattering is due
to the interaction of the photons and optical phonons. Thereafter, the detailed explanation

was given for both linear and nonlinear scattering effects. The theoretical evaluation was
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given for both Brillouin and Raman threshold. From equations (2.34) and (2.35), we can
predict the Brillouin and Raman threshold level, which depends on the input pump power,
affective area of the fibre and fibre length. Poletti et al. [153] defined the Brillouin
threshold power is reached when the backscattered power is 1% of the input pump power.
The Brillouin frequency shift linearly changes with physical parameters such as strain
and temperature, while the Raman intensity varies with only temperature. Hence the
measurement in Brillouin based distributed sensors is usually focused on the frequency
measurement, i.e., to measure the strain and temperature induced Brillion frequency shift
change. Whereas in Raman scattering based sensors, the measurement is based on the
intensity measurement over a wide frequency range (THz). Moreover, the strength of the
Brillouin scattering signal is much higher than the Raman scattering, hence better sensing
performance and longer sensing range over tens of kilometres can be obtained. The
Brillouin based sensors have proved to be superior practically compared to the Raman
based sensors. Therefore, the research work in this thesis concerned on Brillouin based
sensors. Following the theoretical analysis presented in this chapter, the next chapter will
focus on the literature review of distributed fibre sensors to better understand the current

state of the technology.
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Chapter 3
Literature Review on Distributed

Fibre Sensors

3.1 Introduction

Distributed fibre sensors can be found in a wide range of structural health monitoring
applications. Compared to the point based optical fibre sensors such as fibre Bragg grating
(FBG) [60, 61] and long-period Grating (LPG) [62, 63] sensors, the distributed fibre
sensors offers distributed measurement capability of both strain and temperature over tens
of kilometres [64]. As FBG and LPG sensors are point based sensors (discrete sensors),
they are good at monitoring a specific location of interest. Several FBG sensors can be
multiplex together, known as quasi-distributed fibre sensor with a strain and temperature
sensitivities of 1.2 pm/ue and 10 pm/°C, respectively [65]. The LPG sensor offers high
sensitivity to temperature (0.41 nm/°C) compared with the FBG sensor; however,
fabrication of both the FBG and LPG sensors requires expensive equipment such as
excimer laser or CO> laser, which results in a relatively high cost for these types of
sensors. Moreover, installing and multiplexing a number of FBG/LPG sensors makes the
system more complex.

In Chapter 2, the light scattering in an optical fibre has been discussed with a special
emphasis on Brillouin scattering. The scattering effect is the origin for the truly
distributed fibre sensors and the scattering occurs all along the fibre length. Distributed
fibre sensors offer an innovative technology for a spatially distributed measurement based

on Raleigh, Brillouin and Raman scattering. By analysing the backscattered signal
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frequency, intensity and phase, one can realise a distributed measurement of strain,
temperature and vibration over tens of kilometres. In this chapter, various applications of
distributed fibre sensors are discussed. Thereafter, the commonly used distributed fibre
sensors are reviewed and their operating principles are discussed. Brillouin based
distributed fibre sensors, such as Brillouin optical time domain reflectometry (BOTDR),
Brillouin optical time domain analysis (BOTDA) and Brillouin optical correlation domain
analysis (BOCDA) systems are discussed briefly and well-known techniques and

achievements in these systems are summarized.

3.1.1 Applications of Distributed Fibre Sensors

Structural health monitoring is an increasingly important tool to improve the safety
and maintainability of critical structures, avoiding the risks of catastrophic failures.
Therefore, the engineers worldwide are continually trying to validate structural
monitoring models to reduce the tragedies caused by structural failures. The structural
monitoring can be managed to reduce the economic damage and improve citizen’s safety
from structure failure disasters. The scheduled and periodic inspections of most
infrastructures are performed by manual and visual operations or point based sensors,
which are generally time-consuming and costly procedures.

Distributed fibre sensors can be found applied to a wide range of applications for
structural health monitoring, chemical processing industries and communications
networks. The major applications for distributed sensors are listed below.

> Oil and gas pipelines: to detect the pipeline leakage and ensure pipeline safety and
integrity. Successfully deployed to monitor the downhole well performance, which

results in increasing recovery and reduced cost of production [66].

> Bridges, tunnels and buildings: to monitor the high-rise buildings and bridges/tunnels

in order to understand the structural behaviour over time. Concrete piles can be
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permanently monitor using installed fibre optic cable on the concrete pile or inserted
into the pile bore during construction [67].

Aeroplane monitoring: Distributed fibre sensor technology has the potential for
continuous monitoring of an entire aircraft structure. The potential for integrating optic
fibre cable into the aeroplane structure during the manufacturing process would enable
to monitoring the structure during their whole life cycle, improving their safety,
reliability, cost efficiency and hence extending their operational life [68].

Fire security: to detect the real-time temperature profile of special hazard zones and
industrial plants [69].

Ground movement monitoring: landslides, settlements, cavities, embankments, and
dams in order to observe the deformations and prevent social/economic damage [70,
71].

Communication networks: for the monitoring of defects, such as rapid
strain/temperature changes along the active transmission fibre cables, strain in
submarine optical cables, earthquake damage and frozen fibre cables. During the cold
climate conditions, water that enters a splice enclosure can freeze, crushing the fibre
strands. When ice crush occurs, an emergency network repair is needed to avoid
additional damage and downtime [72].

Rail-track monitoring: extreme strain and/or temperature of rail-track leads to
buckling, fractures and even derailment. An installed optical fibre along the rail-track
web can monitor the health condition of the rail-track in real-time up to several tens of

kilometres.
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Figure 3.1. Various applications of distributed fibre sensors [1]
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Figure 3.1 illustrates the various applications of distributed fibre sensors [1]. The use
of distributed fibre sensors unlocks possibilities that have no equivalent in the
conventional sensor systems. The various applications show that using an appropriate
distributed sensor system, it is possible to obtain valuable data from large structures for
the evaluation and management of the monitored structures. In the civil engineering
community, structural health monitoring is a powerful tool for infrastructures
management. The following sections will discuss the Raleigh, Raman, Brillouin based

distributed fibre sensors with their fundamental principles.

3.2 Raleigh based Distributed Fibre Sensors

Optical time domain reflectometer (OTDR) is a widely investigated device based on
Raleigh scattering for measuring loss distribution over the fibre distance. The OTDR was
firstly developed by Barnoski et al. [74] to evaluate the fibre attenuation profile, fibre
length and identify fault locations. This initial development ultimately evolved into the
Brillouin and Raman based distributed fibre sensors for strain and temperature
measurements. The schematic representation of an OTDR system and measured spectrum

over the fibre distance is illustrated in Figure 3.2.
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Figure 3.2. (a) Schematic representation of OTDR technique (b) OTDR trace over the
fibre under test [73]
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In OTDR, a narrow optical pulse is launched into the fibre under test and the
backscattered Raleigh signal is collected at the same end. The spatial information is
measured by a classical time-of-flight method [75]. By measuring the pulse time
difference between the starting and ending of the fibre, the fibre length can be estimated.
Analysing the Raleigh scattered signal intensity over time (which can be related to
distance along the fibre), the attention profile of the fibre, such as connector loss, splice
loss, bend loss and reflections can be characterized as shown in Figure 3.2(b).

Raleigh scattering is an elastic scattering and insensitive to strain and temperature
changes. However, at least in principle, the Raleigh intensity slightly changes with
temperature. In standard glass fibres, the dependence is very weak, hence resulting in an
ineffective sensor [5]. In liquid-core fibre, the backscattered Raleigh signal intensity is
relatively temperature dependent. In 1983, Hartog et al. [76] demonstrated a temperature
measurement in liquid core fibres with an accuracy of +1°C and 1 m spatial resolution
over 100 m fibre length. The obtained temperature sensitivity of 2.3x102 dB/°C.
However, liquid core fibres have potential difficulties of long-term durability and
ineffective to format back the liquid core under cool temperatures. Moreover, for the
practical applications, this sensor is limited by the special need of liquid core fibres.

Research on Raleigh scattering has been extended by analysing the phase information
of the backscattered Raleigh signal, the acoustic signals can be detected. Hence, the
phase-OTDR is a promising technique for distributed acoustic sensing (DAS). In 2013,
Daley et al. [77] described the measurement of “echo’s baesd on analysing the
backscattered Rayleigh signal phase information, which is ¢-OTDR technique. Later, this
technique demonstrated a field test of DAS for subsurface seismic monitoring. The
seismic profile was recorded over the 1.5 km with a 1 m spatial resolution. In 2014,
Masoudi et al. [78] demonstrated a distributed optical fibre audible frequency sensor

along a 1 km sensing fibre with a 1 m spatial resolution. The sensing fibre composed of
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two sections of standard silica single-mode fibre including a 3.5 m section that was
attached to a polystyrene sheet and the acoustic perturbation was applied via a loud-
speaker. The proposed ¢-OTDR sensor detects acoustic signals within a frequency range
of 200 Hz to 5000 Hz with a frequency resolution of 10 Hz and a spatial resolution of 1
m. However, improvements in DAS sensing range, sensitivity and spatial resolution are

required for further ¢-OTDR development.

3.3 Raman based Distributed Fibre Sensors

Raman based distributed fibre sensors have been widely investigated for temperature
measurement, as the Raman intensity changes linearly with temperature variations. In
1985, Dakin et al. [79] demonstrated a Raman based distributed temperature sensor with
a 200 m fibre with a temperature resolution of 10°C. Raman based temperature sensors
have a limited sensing range and their response time increases with the sensing distance
at a required measurement resolution. This is because of the lower intensity nature of the
Raman scattering and broad spectral linewidth (~5 THz), the received signal required a
number of averages, because of lower signal-to-noise ratio, thus increases the
measurement time to several minutes. The response time demonstrated by Ericson [80] is
4 min for a sensing range of 2 km with temperature resolution of +2°C and the spatial
resolution of 1 m. If the sensing range is 4 km for the same temperature and spatial
resolutions, the response time increases to 48 min. This is due to sensing range increases,
then the required number of averages increases significantly. Tanner et al. [81]
demonstrated a 60 s measurement time with 3°C measurement uncertainty with a 3 m
sensing fibre. In 2011, a multi-photon counting method [82, 83] was proposed to improve
the spatial resolution in the order of centimetres (40 cm) with a 2 km of sensing fibre, 2°C
measurement accuracy and 5 min measurement time, which is a significant improvement

in terms of spatial resolution. Currently, the commercial distributed Raman fibre sensors
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provide 5 m spatial resolution up to 30 km sensing range with a measurement time up to
few minutes. The promising applications include toxic pipelines monitoring, electrical
transformers monitoring, and applications in the thermal and civil industry for long-term
temperature monitoring.

The Raman scattering is sensitive to the temperature only, whereas, the Brillouin
frequency changes linearly with both strain and temperature, which makes the
simultaneous measurement. Moreover, the strong motivation for using Brillouin based
distributed sensor over the Raman based distributed sensor are (i) the backscattered
Brillouin signal magnitude higher than the Raman signal, therefore, better sensing
performance and longer sensing range can be obtained,; (ii) the small frequency difference
between the Raleigh and Brillouin signal (~11 GHz), and its input pump allows to use
low loss window of around 1550 nm and are compatable with an EDFA for amplification;
(iii) the narrow linewidth of the Brillouin signal, thus the optical heterodyne detection can
be recovered the signal resulting in more convenient signal processing. Therefore, since
1990°s, the distributed fibre sensors research community has focused on the development

of Brillouin based distributed fibre sensors.

3.4 Brillouin based Distributed Fibre Sensors

This section describes the time domain Brillouin based techniques and their operating
principles. When a light wave propagates through an optical fibre, a small fraction of the
light is backscattered due to the interaction between the input photons and acoustic
phonons. Due to this interaction, the Brillouin scattering experiences a frequency shift,
which is down-shifted (Stokes) and up-shifted (anti-Stokes) with respect to the input light
frequency. The dependence of the Brillouin frequency and intensity along the fibre
distance is the basis for the distributed strain and/or temperature sensing. For measuring

distributed strain and/or temperature, two Brillouin-based techniques are widely used; the
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Brillouin optical time domain reflectometry (BOTDR) based on spontaneous Brillouin
scattering (SpBS) and Brillouin optical time domain analysis (BOTDA) based on
stimulated Brillouin scattering (SBS). The BOTDR system features simple
implementation schemes and only requires access to the single end of the sensing fibre.
Whereas, the BOTDA system requires access to the both ends of the sensing fibre with

complex system implementation [3, 4].

3.4.1 Brillouin Optical Time Domain Reflectometry (BOTDR)

Brillouin optical time domain reflectometry (BOTDR) is based on the spontaneous
Brillouin signal (SpBS) and it was first proposed by a Kurashima et al. [84] in 1993. This
method requires access to only one end of the sensing fibre. The BOTDR detection
methods can be classified into two techniques, namely (i) direct detection [84] and (ii)
heterodyne (coherent) detection [64].

In direct detection technique, the Brillouin signal must be optically separate from the
Raleigh signal before its detection. The separation can be possible using a highly stable
interferometer such as Fabry-Perot [85, 86], Mach-Zehnder [87] or narrow bandwidth
fibre Bragg grating (FBG) filter [88], since the Brillouin frequency shift is relatively small
(~11 GHz or ~0.088 nm).

In heterodyne detection, part of the input pump light with a narrow linewidth is
employed as a reference signal (local oscillator), which allows an excellent electrical
selection of the beat Brillouin signal [89]. This method comprises mixing of the
backscattered signal with the local oscillator (LO) signal, which results in a beat Brillouin
frequency within the photodetector bandwidth. The higher bandwidth (>12 GHz)
photodetectors are commercially available, thanks to the photodetector developments.
Since, the Brillouin signal is relatively weak, the direct detection method does not offer

higher sensing range and measurement resolution. Whereas, the heterodyne detection
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offers higher sensing range and better performance, since the LO signal significantly
improves the receiver sensitivity [90, 91]. Therefore, the efficient detection technique in

BOTDR system is heterodyne detection.

3.4.1.1 Operating Principle

The schematic representation of the heterodyne BOTDR system is illustrated in Figure
3.3. The major advantage of the BOTDR system, it requires access to the only one end of
the sensing fibre with a simple implementation. A narrow linewidth laser source is split
into two propagation paths, the upper path used to generate pump pulses and lower path
is used for an LO signal. The electro-optic modulator (EOM) modulates the electrical
pulses into optical pulses at a required pulse width. The pump light propagates through
the circulator port 1 to 2, while port 3 collects the backscattered signal. A heterodyne
detection technique is used, where LO signal mixed with a backscattered signal to get the
beat Brillouin signal. Then, the signal is detected and analysed by an electrical spectrum
analyser. Table 3.1 summarizes the Brillouin frequency shift (BFS) and its strain and
temperature coefficients for silica single-mode fibre (SMF), graded-index multimode
fibre (MMF), Germanium-doped photonic-crystal fibre (PCF), Erbium-doped fibre,
Tellurite fibres, perfluorinated graded index-plastic optical fibre (PFGI-POF), Bismuth-

oxide fibre, Chalcogenide fibres, Neodymium-doped fibre and Thulium-doped fibres.
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generator |‘||‘| I_lP_urr;p pulses fibre
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Figure 3.3. Schematic representation of heterodyne BOTDR system
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Table 3.1. Brillouin frequency shift (BFS) and strain, temperature coefficients for

different type of fibres

Fibre type Attenuation BFS (GHz)  Strain Temperature

(dB/km) coefficient coefficient

@1550 nm (MHz/%) (MHz/°C)
Silica SMF [92] ~0.2 ~10.85 +580 +1.18
Silica GI-MMF [93] ~0.4 ~90.8 +421 +0.826
Ge-doped PCF [94] ~4.5 ~10.93 +409 +0.82
Er-doped [95] ~30 ~11.42 +479 +0.87
Tellurite [96] ~58.8 ~7.95 -230 -1.14
PFGI-POF [97] ~150 ~2.83 -122 -4.09
Bismuth-oxide [96] ~800 ~8.83 - -
Chalcogenide [98] ~840 ~7.95 - -
Nd-doped [99] ~270 dB/m ~10.82 +466 +0.73
Tm-doped [99] ~200 dB/m ~10.90 +433 +0.93

The most commonly used sensing fibre is standard single-mode silica fibre, as its low
attenuation profile (~0.2 dB/km), commercially available standard fibre and comparably
high sensitivity among other type of fibres.

The relation of Brillouin frequency shift and corresponding derivatives can be written

as [34],
2nv
VB_ ia (3'1)
P
%:i Vaa_n+nava :VBCS’ (32)
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where Vg is the Brillouin frequency shift, n is the refractive index, V, is the acoustic

velocity, C, and C; are the strain and temperature coefficients, respectively. These

coefficients depend on the fibre configuration and its material doping concentration [100].
The typical values of strain and temperature coefficients for silica fibre are 0.05 MHz/pe

and 1.1 MHz/°C, respectively [43, 86]. The Brillouin frequency shift influenced by both
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refractive index and the acoustic velocity of the fibre and it changes linearly with the
strain and temperature variations. However, it is the contribution from the variation of
acoustic velocity that dominates the resultant Brillouin scattering. If the fibre strain
remains constant, the change in Brillouin frequency shift can be directly transformed into
a temperature change, alternatively, the change in Brillouin frequency shift provides a
change in strain. Therefore, the BFS is able to detect both strain and temperature for a
wide range of sensing applications. However, the change in Brillouin frequency shift
(Avg) and Brillouin power (APy) are both linearly dependent on the strain and
temperature, this makes the discriminative measurement along the fibre is possible by

using the following matrix [101],
{AVB} Clk Cy {Ag}
=| o (3.4)
AP C’ Cp |LAT
where C)® (0.05 MHz/ue) and C{® (1.1 MHz/°C) are the strain and temperature

coefficients of the Brillouin frequency shift [86], CfB (-9%x10%/ue) and CFB

(0.30%/°C) are the strain and temperature coefficients of the Brillouin power [85, 102],
respectively for a silica SMF at 1550 nm pump wavelength. The matrix (3.4) can be yeild

to the following equations,
Avg =CAe+CPPAT (3.5)
AP, =CAs+ClEAT (3.6)
The Brillouin frequency shift and Brillouin power coefficients of strain and temperature

need to be measured precisely, where the Brillouin power change with strain is relatively

very low compared with the temperature change [100]. The detailed description can be

found in [101, 103]. The measurement distance, Z; can be determined using time domain
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analysis from the position where the pulsed pump signal is launched to the position where

the scattered signal is generated,
z,=—— (3.7)

where c is the light velocity in vacuum, n is the refractive index and At is the time interval
between the launching pulse and backscattered signal. It is important to mention that the
intensity based measuremnt is somewhat not reliable, as the intensity fluctuations affected
by several factors such as polarization noise, splice and bending losses.

In BOTDR system, the peak power distribution of the Brillouin scattering over the
fibre distance is governed by the input pump power. Assuming that the input pump signal
and backscattered Brillouin signal loss are equal, the backscattered Brillouin signal peak

power distribution over the fibre distance can be expressed as [104],
P (L) =0.5P,W g Sv e 2%t (3.8)
where P is the input pump power, W is the pulse width or pulse duration, g and ag

are the Brillouin and Raleigh scattering coefficients, respectively, v, is the group velocity

9
and L is the fibre length. S is the backscattered capture fraction, which measures the
amount of collected backscattered signal within the numerical aperture of the fibre and it
is given by [104],

(NA)'

S =
4n?

(3.9)

where NA is the numerical aperture of the fibre. Furthermore, the Brillouin scattering

coefficient can be expressed as [105],

3.8 2
a=87znka

3.10
32 (310
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where p is the photoelastic coefficient (~0.29), k is the Boltzmann constant

(1.38x10%%J/K), T is the fibre temperature (298 K), 4, is the pump wavelength (1550

nm), , is the material density (2200 kg/m®) and V, is the acoustic velocity (~5960 m/s).
Using the above equation and values defined for silica fibre, the Brillouin scattering
coefficient is approximately, ag =0.092 km™ at 1550 nm [105]. The logarithmic slope
of the Brillouin power is equal to the double pass loss coefficient, which is ~0.4 dB/km.

3.4.1.2. Dynamic Range
The measurable one-way fibre loss range or dynamic range (DR) of the BOTDR system
is defined as the longest sensing range can be reached at a required strain/temperature

accuracies (or at a required SNR) is expressed as [28, 106],

1 SNRI SNRr} (3.11)

DR:E{Pp+RB—LC—Pd r= =

where P, is the input pump power (dBm), Rg is the Brillouin backscattering factor (dB),

L. is the directional coupler loss (dB), P, is the minimum detectable power of the
receiver (dBm), SNRI is the SNR improvement (averaging and other sophisticated
techniques) (dB), SNR, is the SNR required for strain/temperature measurement (dB).
Furthermore, the Brillouin backscattering factor, Rg can be expressed as [106],

Rg =1010g(0.5SezcW) (3.12)

where S is the backscattered capture fraction, g is the Brillouin scattering coefficient,

c is the light velocity and W is the pulse width.
In order to give an idea of the dynamic range (measurable one-way fibre loss range)

of the BOTDR system, typical values are substituted into equation (3.11). Adopting the

typical values defined in [28], which were input pump power, P,=18 dBm, Brillouin
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Slope= 0.25 dB/SNR
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Figure 3.4. SNR improvement vs enhanced dynamic range

backscattering factor, Rg=-68 dB, pulse width 1 ps and the directional coupler loss, L,

=5 dB. The minimum detectable power, P, by the receiver is assumed to be -62 dBm for
a bandwidth of 1 MHz, which is a typical value for Ge-Avalanche photodiode. Assuming
the required SNR for a 1°C temperature accuracy is, SNR = 25 dB and SNRI =20 dB

after the 4000 trace averages, the dynamic range estimated to be 10.2 dB at a spatial
resolution of 100 m [35]. At the same set of conditions, theoretically evaluated the
dynamic range improvement with an improved SNR using equation (3.11) and illustrated
in Figure 3.4 and the obtained slope is 0.25 dB/SNR. Therefore, for each 1 dB SNR
improvement, the dynamic range improvement is 0.25 dB, which corresponds to 1.25 km
sensing range improvement (since the attenuation for silica SMF is 0.2 dB/km).
3.4.1.3. Spatial Resolution

Spatial resolution is the ability to resolve two adjacent sections of distinct Brillouin
frequency induced by either strain or temperature. In other words, the spatial resolution
is defined as the minimum distance over which the system is able to indicate the
measurand value. The input pump pulse width determines the spatial resolution and it is

described as [100],
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(3.13)

where ¢ is the light speed in a vacuum and W is the pulse width. In order to improve

the spatial resolution, one way to reduce the input pump pulse width. However, the pump
pulse width cannot be shorter than the acoustic phonon lifetime ., which is about 10 ns

for the silica fibre [41, 107]. This is because acoustic phonons excited by such short pulse
cannot generate Brillouin scattering efficiently. In addition, this further causes decrease
in Brillouin gain and broaden the spectral linewidth. Therefore, the Brillouin peak
frequency is difficult to determine accurately. In real-time measurement, the spatial
resolution is determined by the rise time or fall time that corresponds to the 10% to 90%
of the average power as shown in Figure 3.5. Rise time refers to the time it takes for the
leading edge from its minimum to its maximum value, which is typically measured from
10% to 90% of the value. Conversely, fall time is the measurement of the time it takes for
the signal power to move from the highest value to the lowest value. In distributed fibre
sensor community, the spatial resolution is determined by the either rise time or fall time
that can be converted into distance.

There is a strong trade-off between the spatial resolution and maximum sensing range.
The spatial resolution is determined by the transmitted pulse width duration, whereas the

maximum sensing range is defined by the strength of the backscattered Brillouin signal
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Figure 3.5. Evaluation method of spatial resolution
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detected by the receiver. To achieve a better spatial resolution, the shortest possible pulse
has to be launched into the sensing fibre. The short pulse contains less energy and can
only cover a short fibre distance, which also makes the backscattered power is relatively
low. This ultimately limits the sensing range of the system. Similarly, longer pulse width
contribute to higher sensing range but compromise the spatial resolution.

In order to better understand the Brillouin power distribution at different injected
pump powers and pulse widths (spatial resolution), a numerical simulation was performed
using equations (3.8), (3.9), (3.10) and the values defined in Table 3.2. For the different
input pump powers at a fixed pulse width of 100 ns, the Brillouin power distribution is
shown in Figure 3.6. Figure 3.7 illustrates the Brillouin power distribution at a fixed input
pump power and different pulse width of 10, 50 and 100 ns. If the pulse width reduces at
a fixed input power of 100 mW, the Brillouin scattering power is relatively weak, thus
reduces the sensing range.

Table 3.2. Parameter values used for Brillouin power distribution over the fibre
distance [105, 108]

Parameter Symbol Value
Refractive index n 1.46
Photoelastic coefficient p 0.29
Boltzmann constant k 1.38x102% J/K
Pump wavelength Ay 1550 nm
Material density p 2200 kg/m?®
Acoustic velocity v, 5960 m/s
Backscattered capture fraction S 0.024
Numerical aperture NA 0.14

Group velocity v, 2x108 m/s
Fibre length L 50 km
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Figure 3.6. Brillouin power distribution at different pump powers and fixed
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Figure 3.7. Brillouin power distribution at different pulse widths and fixed

pump power of 100 mW

The first BOTDR system was proposed in 1993, which is based on the direct detection
technique and separate a weak Brillouin signal from a strong Rayleigh scattering peak
and Fresnel reflected light before the detection [84]. Thereafter, in 1994 [64] the same
research group was demonstrated a heterodyne BOTDR system employing a local
oscillator signal. The proposed heterodyne BOTDR system results demonstrated using a
30 km sensing fibre with 100 m spatial resolution and the strain and temperature

resolutions are £100 pg, +6°C, respectively. The polarization noise is the dominant noise
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source in heterodyne BOTDR system, hence restricted the strain and temperature
resolutions [64]. Considering the polarization noise, T Kurashima et al. [109] was
proposed a heterodyne BOTDR system by randomising the polarization state of the local
oscillator signal. The experimental results were demonstrated using a 10 km sensing fibre
with 1 m spatial resolution. The measurement errors without and with randomising the
polarization state of the local oscillator signal are +6 MHz and £1.5 MHz, which
corresponds to strain measurement errors of £200 pe and £50 pe, respectively. However,
randomizing the local oscillator signal polarization state requires repeatable and accurate
polarization controlling. Therefore, over the decade the fibre sensor research community
has adopted a polarization scrambler, which significantly reduces the polarization noise
[110, 111].

In 2000, H. Kee et al. [112] proposed a high spatial resolution (35 cm) BOTDR
temperature sensor based on measuring the ratio of the SpBS signal intensity to the
Rayleigh backscattered signal intensity, which was named the Landau-Placzek ratio. The
time difference between the launched pulse signal and detected backscattered signal
provides the distance measurement, while the SpBS signal intensity measures the
temperature information. The pulse peak power of 4.5 W was launched at a 1550 nm
wavelength with a 3.5 ns pulse width. The experimental results demonstrate a temperature

resolution of £4.3°C and a spatial resolution of 35 cm with a 1 km sensing fibre.
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Figure 3.8. Cross sectrion of DSF and refractive index profile
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In 2001, C. Lee et al. [113] proposed a simultaneous measurement of strain and
temperature based on the dispersion-shifted fibre (DSF). The DSF has a compound
composition structure in the fibre core, the two-peak structure in the Brillouin gain
spectrum of the DSF arises from the different acoustic velocities, which are due to the
different compositions or doping concentrations in the fibre core. The cross section image
and fibre core refractive index profile is shown in Figure 3.8. The BFS of the two peaks

Table 3.3. Progress summary of BOTDR techniques

Technology Year Sensing Spatial  Temperature Strain
range  resolution accuracy accuracy
(km) — (m) (°C) (ne)

Proposal of BOTDR 1993  11.57 100 3 60

(Direct detection) [84]

Heterodyne detection 1994 30 100 5 100

BOTDR [64]

BOTDR based on 1996 10 1 not stated 50

randomising the
polarization [109]

Landau-Plazcek ratio 2000 1 0.35 4.3 not
BOTDR [112] stated
Dispersion shifted fibre 2001 3.7 2 5 60
(DSF) based BOTDR

[113]

Double pulse BOTDR 2007 1 0.20 not stated 20
(DP-BOTDR) [114, 115]

Optical switch based 2014 485 25 3.8 not
BOTDR [116] stated
BOTDR using Raman 2015 100 10 3 not
amplifier [117] stated
BOTDR based on 2016 7.8 0.40 not stated not
differential Brillouin stated
spectrum [118]

Fast Fourier transform 2017 10 2 0.37 7.4
(FFT) and

complementary coding
BOTDR [119]

Phase-shift pulse 2017 05 0.20 not stated not
BOTDR (PSP-BOTDR) stated
[120]
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(peak 1 and peak 2) has a same strain coefficient value (0.05 MHz/pe) for both peak 1
and peak 2, whereas the temperature coefficient for peak 1 (0.918 MHz/°C) and peak 2
(0.98 MHz/°C) have different values. Therefore, this method allows simultaneous
measurement of strain and temperature over the fibre distance. The experimental results
demonstrated for a 3.7 km sensing fibre of DSF, a strain resolution of 60 pe and a
temperature resolution of 5°C with a spatial resolution of 2 m are achieved
simultaneously.

In 2007, S. Yoshiyuki et al. [114, 115] developed a double-pulse BOTDR (DP-
BOTDR) with a spatial resolution of 20 cm and strain accuracy of £20 pe for a 1 km
sensing fibre. The BFS distribution along the fibre distance was measured by a launching
the double-pulse signal with a pulse width of 2 ns, a front-pulse to the rear-pulse time
interval of 5 ns and peak pulse power of 32 dBm. Thereafter, several works have been
done for spatial resolution improvement, such as BOTDR based on differential Brillouin
spectrum [118], complementary coding BOTDR [119] and phase-shift pulse BOTDR
(PSP-BOTDR) [120]. Over the decade, many research works have been proposed to
improve the spatial resolution using pulse coding techniques. For example, F. Wang et
al. [119] combined the fast Fourier transform (FFT) with a complementary coding
technique and achieved a spatial resolution of 2 m with a 10 km sensing range. R. Shibata
et al. [120] proposed a phase-shift pulse (PSP) coding in order to improve the spatial
resolution of 20 cm. The well-known techniques in BOTDR system are summarized in
Table 3.3. However, the sensing performance, such as measurement accuracy and sensing
range is still limited by the restricted input pump power.

The signal-to-noise ratio (SNR) determines the performance of the BOTDR system.
The SNR is primarily governed by the injected pump power into the sensing fibre and the
LO signal power. Increasing the injected pump power into the sensing fibre will improve

the SNR but the level of the pump power is limited by the non-negligible nonlinear effects
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in the sensing fibre, which comprises of SBS and modulation instability (MI) [121].
Therefore, the maximum injected pump power should be below the nonlinear threshold
level in order to avoid the non-negligible nonlinear effects. If the pump power is above
the nonlinear threshold, it will result in a rapid depletion of the pump power which in turn

limits the sensing range. The nonlinear threshold will be described more in Chapter 4.

3.4.2 Brillouin Optical Time Domain Analysis (BOTDA)

Brillouin optical time domain analysis (BOTDA) is based on the stimulated Brillouin
scattering (SBS), which utilises a counter propagating continuous wave coupled in at the
another end of the same fibre. The BOTDA system requires access to both ends of the
sensing fibre.

The schematic representation of the BOTDA system is shown in Figure 3.9. This

method was first developed by a Horiguchi et al. [27] in 1989. The pump wave at the
frequency V; is modulated with pulses using an EOM and injected into one end of the
sensing fibre using a circulator. Whereas, a counter-propagating continuous wave (also
known as a probe) at the frequency, V; —Vg is injected at another end. The two optical

isolators are placed after each laser to avoid any reflected optical signal coupling into the

laser which could interfere with the laser operation. The input pump pulse propagation
generates SpBS at a frequency of Vv, —Vg, and the SBS occurs only the fibre location

where the counter propagating probe wave superimpose the SpBS signal. In order to

Pulse Pump S(]acnbsing Probe
ibre

enerator —
(v,  Leeneratorjpppe A
— |solator . Circulator Isolator ~+ 8
Laser 1 H=—{ EOM —7) Laser 2

Stimulated Brillouin
scattering (SBS)

------ Oscilloscope
Photo
detector
Figure 3.9. Schematic representation of BOTDA system
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superimpose the two signals, the counter-propagating probe wave frequency must be
same as the local Brillouin frequency, (V; —Vg) along the fibre distance. The detection
technique is similar to the standard OTDR system [75]. The SBS signal detected at the
section where the pump pulse signal is launched and monitor as a function of time.

The major drawbacks of the basic configuration illustrated in Figure 3.9 are the use
of two distinct laser sources to generate pump pulse and continuous wave probe. The
system suffers from the frequency offsets of the two laser sources, as the stability of
frequency and power of the two laser sources are difficult to achieve. Therefore, the most
effective configuration was proposed by Thevenaz et al. [122] in 1998. This configuration
utilizes the one laser source to generate both pump and probe wave. The probe wave is
generated by a high bandwidth EOM, which modulates to generate optical sideband
frequency shift same as the Brillouin frequency as shown in Figure 3.10. The single
frequency laser source was split into two signals, pump and probe signal using a 50/50
coupler. The upper branch signal is modulated by EOM 1 at a Brillouin frequency of Vg
which gives rise to new frequency components called modulation sidebands as shown in
Figure 3.10. The carrier frequency, V; can be suppressed by tuning the DC bias of EOM
1. The polarization controller (PC) is employed at the input of each EOM to achieve the

maximum optical power at the output of the EOMSs. The pump wave propagation along

the fibre, the energy transfer to the Stokes wave, then the lower sideband (Vl_VB)

experiences Brillouin gain. Whereas, the upper sideband (v, +Vg) energy transfer to the

pump wave, then the upper sideband experiences Brillouin loss.
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Figure 3.10. Experimental setup for modified BOTDA configuration

Numerous research works have been done for improving the BOTDA system
performance. In order to improve the spatial resolution, Kishida et al. [123] proposed a
pulse pre-pump BOTDA (PPP-BOTDA) [123] to overcome the spatial resolution
limitation (~1 m), where 10 ns pulse followed by a 1 ns pulse to pre-excite the acoustic
phonon and obtain a spatial resolution of ~10 cm. In 2007, a dark-pulse BOTDA [124]
was proposed and 20 cm spatial resolution with a 1 km sensing range was demonstrated.
Thereafter, in 2013 a phase-shift pulse BOTDA (PSP-BOTDA) [125] with a non-return-
to-zero (NRZ) Golay codes was proposed, in which the first pulse (> 10 ns) to excite the
acoustic phonon and followed by a second pulse (< 10 ns) with a phase shift, which
determines the spatial resolution. Moreover, the improvement in SNR of 3 dB with
increasing the Golay code length of 16-bit was demonstrated with a 10 cm spatial
resolution. Considering the sensing range limitation, a distributed Raman amplifier was
employed in BOTDA system [126] in order to extend the sensing range more than 120km
with a spatial resolution of 3 m. In 2012, Y. Dong et al. [127] demonstrated a sensing
range improvement by combining frequency-division multiplexing and in-line Erbium-

doped fibre amplifiers (EDFAS). The sensing range of 150 km was achieved by dividing
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Table 3.4. Progress summary of BOTDA techniques

Sensing Spatial

Temperature Strain

Technology Year .

range resolution accuracy accuracy

(km) — (m) (°C) (ne)
Proposal of BOTDA 1989 1.2 100 3 not stated
[27]
Brillouin loss BOTDA 1993 32 5 1 not stated
[128]
Modified standard 1994 51 5 1 not stated
BOTDA [129]
PPP-BOTDA [123] 2005 1.2 0.10 not stated 25
Dark-pulse BOTDA 2007 1 0.2 not stated 20
[124]
Differential pulse-width 2008 1 0.15 not stated not stated
pair BOTDA [130]
Pulse coding BOTDA 2010 50 1 2.2 44
[131]
Raman BOTDA [132] 2010 100 2 not stated not stated
Pulse coding and pre- 2011 120 3 3.1 60
amplification BOTDA
[126]
Inline EDFA and 2012 150 2 15 30
frequency division
multiplexing BOTDA
[127]
PSP-BOTDA [125] 2013 1 0.10 not stated not stated
Distributed Brillouin 2016 50 1 1.6 not stated
amplification BOTDA
[133]
Gold coated multi-mode 2017 0.80 1 2

fibre based BOTDA
[134]

the sensing fibres into two spans of 75 km. An in-line EDFAs are placed between the two
spans, which is used to compensate the fibre loss. Using the differential pulse-width pair
technique, a 100/120 ns pulse pair is used to get a 2-m spatial resolution and a

measurement accuracy of 1.5°C/30 pe at the end of the sensing fibre. The well-known

techniques of the BOTDA systems are summarized in Table 3.4.
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3.4.3 Brillouin Optical Correlation Domain Analysis (BOCDA)

In conventional BOTDR and BOTDA systems, the accuracy of BFS measurement is
degraded, when the pump pulse width is less than a 10 ns (corresponds to 1 m spatial
resolution) [135]. Considering the spatial resolution limitation in BOTDR and BOTDA
systems, in 1999, Hotate et al. [136] proposed a correlation-based technique, named as
Brillouin optical correlation domain analysis (BOCDA) to overcome the limited spatial
resolution. The SBS interaction of continuous wave pump and probe wave over the fibre
distance is obtained by the controlling the phase between the two light waves. This way,
the SBS interaction is confined to a certain position within the sensing fibre and its
position is determined by monitoring the correlation peak.

The spatially distributed measurement is possible by sweeping the modulation
frequency, f., of the laser source. When the pump and probe waves are in phase, the
Brillouin gain is maximized, otherwise, the Brillouin gain is significantly reduced. The

intervals of the correlation peak, d, and the spatial resolution, Az can be expressed as

[136],
d, =2 (3.14)
"o2f, '
VyAvg
Az = 5 f, <Avg/2 (3.15)
2zmf ]

where v, is the group velocity in the fibre, Avg is the Brillouin linewidth and m is the

modulation index.
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Figure 3.11. Experimental setup for Brillouin optical correlation domain
analysis (BOCDA)

The experimental setup for Brillouin optical correlation domain analysis (BOCDA) is
shown in Figure 3.11. The frequency modulated continuous wave is sent through a

coupler. The upper branch is modulated in order to generate lower sideband frequency,
Vv, —Vg. Whereas, the lower branch signal at a frequency, V; is modulated at a lower

frequency using an RF synthesizer. The signal from the RF synthesizer is used as a
reference signal for the lock-in amplifier in order to detect the amplified probe wave.

Table 3.5. Progress summary of BOCDA techniques

Technology Year  Sensing Spatial Temperature Strain

range (m) resolution accuracy accuracy
(m) (°C) (ne)

Proposal of 1999 7 0.65 not stated not stated

BOCDA [136]

Modified 2001 8 0.04 notstated 70

standard

BOCDA [137]

Differential 2012 50 0.02 not stated not stated

measurement

BOCDA [138]

Multiple 2017 10150 0.05 notstated 70

correlation peak

BOCDA [139]
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The Brillouin gain spectrum is obtained by the sweeping the probe frequency. Table 3.5
summarizes the well-known techniques and achievements to date. Recently, multiple
correlation peak BOCDA [139] has been investigated with a 5 cm spatial resolution and
10.15 km sensing range, which is significant improvement in both spatial resolution and

sensing range.

3.5 Summary

In this chapter, the various applications of the distributed fibre sensors are discussed.
The major applications can be found in oil/gas pipeline monitoring, bridges, tunnels and
building monitoring, geotechnical engineering and rail-track monitoring. Thereafter, the
operating principles of Raleigh, Raman and Brillouin based distributed fibre sensors are
discussed. The Brillouin scattering is the most effective technique compared to the
Raleigh and Raman based techniques. Brillouin scattering can be applied for
simultaneous strain and temperature monitoring over the tens of kilometres sensing fibre.
Therefore, for the rail-track condition monitoring application, Brillouin based distributed
fibre sensor is most effective sensing system. Brillouin based distributed fibre sensors,
such as BOTDR, BOTDA and BOCDA systems are discussed with their operating
principle. The well-known techniques and achievements are summarized. Significant
work has been in order to improve the spatial resolution of BOTDR and BOTDA systems.
However, the sensing performance such as strain/temperature measurement accuracy and
sensing range are still limited by the restricted input pump power. This is considered in
this thesis. Since this chapter focuses on the literature review of distributed fibre sensors,
the experimental demonstration of BOTDR and BOTDA system will be presented in the

following chapter.
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Chapter 4
Experimental Demonstration of
BOTDR and BOTDA Systems

4.1 Introduction

In this chapter, the conventional Brillouin optical time domain reflectometry
(BOTDR) and Brillouin optical time domain analysis (BOTDA) systems are investigated
experimentally. In order to better understand the individual device performance, the
major devices such as distributed-feedback (DFB) laser and Mach-Zehnder modulator
(MZM) have been characterized. An experimental testbed for BOTDR and BOTDA
systems were developed and optimised at Photonics Research Laboratory, Northumbria
University. The Brillouin gain spectrum (BGS) has been analysed for different strain and
temperature variations. The impact of the strain and temperature on Brillouin frequency
shift (BFS) is evaluated. Thereafter, the main noise sources, which limits the performance
of the BOTDR system are identified. A simple, low-cost passive depolarizer is employed
in local oscillator path to suppress the polarization noise and its operating principle was
described. Finally, the different key factor effects on BOTDR system performance, such
as a number of trace averages, Brillouin linewidth and sweep frequency step is evaluated

experimentally and compared with the theoretical analysis.

4.2 Device Characterization

In this section, the characterization of DFB laser and MZM are discussed. The

characterization gives the better understanding of the individual device performance.
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4.2.1 DFB Laser LI Curve

The measurement setup for measuring DFB laser (Emcore, 1754C) LI curve is shown
in Figure 4.1. The DFB laser is connected to the stable DC bias current source (Hewlett
Packard, 6177C) and temperature controller (Thorlabs, TED200C), where the operating
temperature was set at 25°C. Varying the bias current between 20 mA to 120 mA, as the
threshold is at 18 mA, the peak output optical power is measured using optical spectrum
analyser (OSA, Yokogawa-AQ6370D). The measured LI curve illustrated in Figure 4.2.

The centre wavelength at 60 mA bias current is 1550.10 nm.

Hewlett Packard | »| DFB-LD (Thorlabs,
stable bias device 1754C)
A
Temperature Optical spectrum
controller analyser (OSA)

Figure 4.1. Setup for DFB laser LI curve and relative intensity noise (RIN)

measurement

~

Optical power (mW)
N (%) H [3,] (=]

-
T

o 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
Bias current (mA)
Figure 4.2. Measured LI curve of DFB laser
4.2.2 DFB Laser RIN Measurement

The relative intensity noise (RIN) describes the random fluctuations in the optical

power of the laser, which mainly comes from the intrinsic optical phase and frequency
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Figure 4.3. Measured RIN for various bias currents
fluctuations caused by the spontaneous emission. The RIN measurement is necessary to
understand the noise level of the DFB laser output. The optical signal-to-noise ratio
(OSNR) is measured at each bias current using the OSA, where the measured OSNR is

used for the RIN calculation. The equivalent model for RIN calculation derived from the

Keysight technologies as follows [140],

RIN (dB/Hz) =10log(k,) + 20log(2) ~OSNR

1nm

~174.8 4.1)

where k, is the polarization coefficient (~1), 4 is the centre wavelength, OSNRunm is the

OSNR measured at 1 nm scale. The measured RIN for corresponding bias current is
shown in Figure 4.3, which decreases with the increase in bias current. The calculations
performed using equation (4.1) and agreed well with other RIN measurements based on
electrical spectrum analyser and oscilloscope techniques [140]. The decreasing pattern in
RIN occurs because as the bias current increases, stimulated emission becomes the

dominant output, thus spontaneous emission dependent phase noise depletes.

4.2.3 DFB Laser Linewidth Measurement

The characterization of laser linewidth is important, as the spectral linewidth of the

Brillouin signal is almost constant with larger amplitude when the laser linewidth less
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than the 3 MHz, otherwise, the spectral linewidth increases sharply [141]. The
fundamental laser linewidth originates from the random phase fluctuations caused by the
spontaneous emission within the laser cavity [142, 143]. For measuring the narrow
linewidth, conventional Grating based OSAs does not offer the high measurement
resolution. Typically, the Grating based OSAs gives the maximum resolution of 0.02 nm
(2.5 GHz), which cannot be measure the linewidth in the range of MHz. Recently, the
high-resolution OSAs are developed based on the Brillouin scattering, named as a
Brillouin-optical spectrum analyser (BOSA) with a resolution of 0.08 pm (10 MHz) [14].
Even with the BOSA, unable to achieve the required measurement resolution either. L.
Mercer [144], proposed a delayed self-heterodyne detection technique, which is capable
of measuring the narrow linewidth spectrums in the electrical domain [145].

The experimental setup for the delayed self-heterodyne technique is illustrated in
Figure 4.4. The DFB laser is operated at a stable 80 mA bias current and 25°C operating
temperature. The laser output is split into two propagation paths using 80/20 coupler, the
upper branch used for the frequency shift and the lower branch signal used as a reference
signal. The upper branch signal is fed into the intensity MZM (Photline, MXAN-LN-20),
which drives at a frequency of 150 MHz using an RF signal generator (Agilent, E8247C).

A 5 km fibre is used for a time delay, which must be longer than the laser coherence

RF signal
Bias generator
current v, =150MHz bas @ — o
- (V) LV -V, VLY Y,
DFB-LD MZM
T ! 5@"3
Temperature| | 7% —, = AT h aess
controller
Photo ESA

Delay fibre (5 km) detector
Figure 4.4. Setup for laser linewidth measurement using delayed self-heterodyne

technique

(DFB-LD= distributed-feedback laser diode, C=coupler, MZM= Mach-Zehnder modulator, ESA=
electrical spectrum analyser)
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Figure 4.5. Measured beat spectrum using delayed self-heterodyne technique

length. The coherence length is the propagation distance over which a coherent wave
maintains a specified degree of coherence. If the time delay difference between the two
optical paths smaller than the laser coherence time, the phase between two optical signals
interference becomes more significant, as a result the ripples appear in the beat spectrum.
If the time delay longer than the laser coherence time, the phase between two optical
signals are completely uncorrelated and the resultant beat spectrum strictly becomes
Lorentzian shape without any ripples [146]. The measured beat spectrum is shown in
Figure 4.5. As one can see, the linewidth at -3 dB is 1.94 MHz, which is close to DFB

(Emcore, 1754C) laser specifications of 2 MHz.

4.2.4 Mach-Zehnder Modulator (MZM)

The Mach-Zehnder modulator has been widely investigated since 1980°s as a potential
electro-optic modulator in fibre optic research community. The schematic diagram of
Lithium Niobate (LiNbO3) intensity modulator is illustrated in Figure 4.6 [147]. The input
waveguide is split into two waveguide paths and integrated into a LiNbO3z substrate. The
electrodes are positioned at one arm to ensure effective electric field generation in the

waveguide region. In order to operate the intensity modulator, we should apply an RF
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voltage (modulation voltage) and a bias voltage (DC voltage). The ideal transfer function

of an MZM is described as [148],

p, =T 1, cos| Voies (4.2)
2 v,

where P, and B, are the output and input optical power, V,;. is the bias voltage, V, is

a half-wave voltage of the applied bias and « is the insertion loss of the modulator. The
equivalent transfer function curve is illustrated in Figure 4.7 [149].

The MZM (Photline, MXAN-LN-20) is characterized by varying the bias voltage and
measured the relative optical output power. The measured transfer function curve is

shown in Figure 4.8. The quadrature point is found at 3.75 V.

Electrodes VIRF Vi)ias Vz
R Modulated
T optical pulses
Pin P Quadrature”
point R
hias Bias voltage
= Electrical
Waveguide pulses

Figure 4.6. Schematic diagram of  Figure 4.7. Transfer function of intensity MZM

intensity MZM modulator modulator

1

uadrature point
0.75 Q P

0.25

Normalized optical power
o
(3]
T

0 1 2 3 4 5 6
DC bias (V)

Figure 4.8. Measured transfer function curve of intensity MZM (MXAN-LN-20)

modulator
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4.3 Measurement of Brillouin Gain Spectrum

In this section, the Brillouin gain spectrum (BGS) using the BOTDR system has been

analysed for different strain and temperature variations. The impact of strain and
temperature on Brillouin frequency shift (BFS), Vg is evaluated. The obtained strain and

temperature coefficients of the sensing fibre will be used for the calibrating the distributed
measurement.

The experimental setup for BGS measurement is illustrated in Figure 4.9. A DFB laser
at 1550.1 nm is used as a light source. The laser output was split into two propagation
paths, using 50/50 coupler 1, the upper path signal is used for the pump and the lower
path is used for the reference or local oscillator (LO) signal. The pump signal is amplified
by an erbium-doped fibre amplifier (EDFA, Calmar, AMP-PM-16) up to 16 dBm.
Thereafter, a band-pass filter is used to remove the amplified spontaneous emission
(ASE) from the EDFA to ensure accurate measurement. The variable optical attenuator
(VOA) is used to adjust the required optical pump power. Thereafter, the pump signal
passes through the circulator port 1 to 2, while port 3 collect the backscattered signal from

the sensing fibre. Using 80/20 coupler 2, the LO signal beat with the backscattered signal,

Sensing fibre

Pump signal 10 km
Couplerl CIR
DFB- | “ouPier ASE | U on L2 @
LD filter .
8 l_Bac kscattered

signal

h
Local oscillator Photo-
(LO) Coupler2 detb ctor

= -

Figure 4.9. Experimental setup for Brillouin gain spectrum measurement
(DFB-LD= distributed-feedback laser diode, EDFA=erbium-doped fibre amplifier, ASE=amplified

spontaneous emission, VOA=variable optical attenuator, CIR=circulator, ESA=electrical spectrum

analyser)
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Figure 4.10. (a) Measured Brillouin gain spectrum (b) Lorentzian curve fitting to the

measured Brillouin gain spectrum

then the beat Brillouin signal is detected by a photodetector (Newport, D8-ir) and the
BGS is visualized using an electrical spectrum analyser (Agilent, N9020A). Using 10 km
sensing fibre, the measured BGS at ambient room temperature (~25°C) and at strain free
Is shown in Figure 4.10(a). The measured BGS raw data were fitted by a Lorentzian curve

fitting. The Lorentzian fitted curve to the measured BGS is illustrated in Figure 4.10(b).

Therefore, we can be able to measure the peak BFS, Vg (10.871 GHz), Brillouin linewidth

(26 MHz, measured at full width at half maximum (FWHM)) and peak power (-63 dBm)

simultaneously.

4.3.1 Strain Effects on Brillouin Gain Spectrum

A translation stage was developed for applying different strains on the sensing fibre.
A 100 m fibre was wrapped between two cylindrical rods placed on the translation stage.
The different strains were applied on the sensing fibre and the resulting spectra are shown
in Figure 4.11(a). Each measured spectrum is fitted with a Lorentz curve. The linear
dependence between the applied strain and the measured BFS is obtained with a slope of
0.051+0.0008 MHz/ue [150]. The slope error was found to be 0.0008 MHz as shown in

Figure 4.11(b).
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Figure 4.11. (a) Measured Brillouin gain spectrums (b) Linear fitting to the measured
Brillouin frequency shift (BFS) for various strains

4.3.2 Temperature Effects on Brillouin Gain Spectrum

The sensing fibre was placed in a temperature oven (Carbolite-PF60) and subject to
various temperatures. The measured corresponding BGS at different temperatures are
illustrated in Figure 4.12(a). The peak BFS of each measured spectrum was obtained after
the Lorentz curve fitting. The linear dependence between the temperatures and measured
BFS is obtained with a slope of 1.07+0.013 MHz/°C [150]. The slope error was found to

be 0.013 MHz, as shown in Figure 4.12(b). The obtained strain and temperature

coefficients and BFS are summarized in Table 4.1.
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Figure 4.12. (a) Measured Brillouin gain spectrums (b) Linear fitting to the measured
Brillouin frequency shift (BFS) for various temperatures
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Table 4.1. Measured Brillouin gain spectrum (BGS) parameters

Parameter Value

Brillouin frequency shift 10.871 GHz
Linewidth (@FWHM) 26 MHz

Strain coefficient 0.05£0.0008 MHz/pe
Temperature coefficient 1.07+0.013 MHz/°C

4.3.3 Brillouin Threshold Measurement

The Brillouin threshold measurement is essential to avoid the nonlinear effects of the
sensing fibre. The maximum input pump power into the sensing fibre is limited by the
non-negligible nonlinearities, particularly stimulated Brillouin signal (SBS) and
modulation instability (MI). If the input pump power is above the Brillouin threshold
level, which experiences a rapid pump power depletion thus limits the sensing range.
Therefore, it is important to measure the Brillouin threshold of the sensing fibre in order
to avoid the nonlinear effects. The Brillouin threshold defined as, where the spontaneous
scattering evolves into SBS. The Brillouin threshold can be numerically calculated using

the following equation [151],

21k

g Lot
where Ay is the effective core area (mode field area) of the fibre, k, is the polarization
constant, which lies between the 1 and 2 depending on relative polarization of the pump
and Brillouin signal [56], Jg is the peak Brillouin gain coefficient and Ly is the

effective interaction length, which can be expressed as [151],

_ (l— e—aL)
- (24

Lefs (4.4)

where « is the fibre attenuation coefficient (0.046 km™ for silica fibre at 1550 nm) [152]

and L is the actual fibre length. The nonlinear interactions in an optical fibre depends on
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the fibre cross-sectional area and fibre length. As the signal transmission through the fibre
length, the power decreases because of attenuation. Therefore, the most nonlinear effects

happen at the starting of the fibre span and reduces as the signal propagates. However, in

practice, that assumes as the power is constant over a certain fibre length, which is called

effective fibre length, L. . Using equation (4.4), the effective fibre length calculated

theoretically with the actual fibre length and illustrated in Figure 4.13. The pump power
attenuation along the fibre distance makes the effective length should be less than the
actual fibre length and tend to be constant for a longer length of fibres.

Furthermore, the peak Brillouin gain coefficient can be expressed as [46],

_ 277”2 p1227/

h 2
cA
p

(4.5)

B
PV, AVg

where n is the refractive index, (1.46) [44], P, is the photo-elastic coefficient of silica
fibre (0.29) [45], » is the polarization factor (1 for standard silica fibre) [46], 1, is the
pump wavelength (1550 nm), p is the material density of the silica (2,200 kg/m®) [47], V,

is the acoustic velocity (~5960 m/s) [47] and Avg is the Brillouin linewidth at FWHM

(~30 MHz). The Brillouin gain coefficient gives the fractional increase in signal intensity
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per unit length; therefore, it has the dimension of m/W. Using equation (4.5) and the
above mentioned values, the obtained Brillouin gain coefficient, gz =5x10 m/W. In

order to verify the Brillouin threshold experimentally, different pump powers are injected
into the optical fibre. Figure 4.14(a) shows a backscattered spectrum for different pump
powers using a 10 km fibre. Using a polynomial fit, the Brillouin threshold is determined
when the backscattered power is 1% of the injected pump power. As shown in Figure
4.14(b), the Brillouin threshold for 10 km fibre is found as 12.7 dBm. There are two
different definitions of Brillouin threshold, which were (i) Poletti et al. [153] defined the
Brillouin threshold is reached when the backscattered power is 1% of the input pump
power, (ii) the Brillouin threshold is reached when the backscattered power equals to the

power at end of the same fibre [53].
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Figure 4.14. Backscattered spectrums for different input pump powers
(b) Brillouin threshold measurement for a 10 km fibre
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4.4 Experimental Analysis of BOTDR System

The experimental setup of BOTDR system is illustrated in Figure 4.15. The DFB laser
output is split into two propagation paths using coupler 1. The upper branch is modulated
with an MZM, driven by a pulse generator, which modulates the electrical pulses into
optical pulses. The polarization controller (PC) is employed at the input of the MZM to
obtain the maximum optical power at the output of the MZM. Subsequently, the output
signal is amplified by an EDFA. A band-pass filter is used to eliminate the ASE noise
from the EDFA as shown in Figure 4.16. The peak power and pulse width of the pump

signal are 18 dBm and 100 ns, respectively. The 100 ns pulse width corresponds to

Pulse Sensing fibre

Pump
gene'rator - pulses (10 km)
pC & b ——* CIR
DFB- ASE A
MZM . =
LD filter
Coupler! Backscattered
P l_ signal

Photo

—
Local oscillator
LO) detector

Coupler2

r=]
A

(b)
Figure 4.15. (a) Experimental block diagram (b) experimental test-bed of BOTDR system

at Northumbria’s Photonics Research Laboratory
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Figure 4.16. Spectrums with and without ASE filter

10 m spatial resolution. The backscattered signal beat with the LO signal and detected by
a photodetector (PD) and analysed by an electrical spectrum analyser (ESA) in a zero-
span mode.

A 10 km single-mode silica fibre is used as a sensing fibre. The peak Brillouin
frequency (10.84 GHz) power trace is obtained with 1000 trace averages and illustrated
in Figure 4.17(a). LabView has been developed to control and automate the ESA
(Agilent- N9020A) to sweep the Brillouin frequencies and data collection. In order to
obtain a three-dimensional spectral mapping, the frequencies are swept from 10.8 GHz to
10.9 GHz with a frequency step of 1 MHz and 1000 trace averages. The three-dimensional
Brillouin spectrum obtained at room temperature (~25°C) and strain-free is shown in
Figure 4.17(b). A 100 m fibre kept in the oven at a 5 km distance and set a 65°C
temperature within the oven, while the rest of the fibre was at room temperature (~25°C).
Figure 4.18(a) shows the 65°C temperature induced BFS at 5 km distance. Figure 4.18(b)
is the top view of the Brillouin gain spectrum, the 65°C temperature induced shift is found
to be 44.25 MHz. The expected BFS value for 40°C temperature change is 42.8 MHz
(1.07 MHz/°C). Therefore, the calculated error is 1.45 MHz, which corresponds to the

temperature error of 1.35°C. The temperature measurement error is about 3.4% of the
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Figure 4.18. Three-dimensional spectral mapping of 100 m heated section at 5 km
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expected value. However, for temperature monitoring of the rail-track requires higher
sensing range and much more accurate measurement even less than the 1% error, in order
to avoid the false alarms [154, 155].

Polarization noise is one of the major noises source in BOTDR system, which
significantly influences the beat signal amplitude fluctuations as shown in Figure 4.18.
The measurement accuracy significantly reduces by the polarization noise. When the
polarization state of the LO signal and detected Brillouin signal are identical to each other,

the beat signal intensity would be at its maximum, whereas when the polarization states
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are orthogonal to each other, the beat signal intensity would be at a minimum [156]. The
polarization noise cannot be reduced by simple averaging.

In order to minimize the polarization induced signal fluctuations, several techniques
have been proposed. Song et al. [157] used a polarization controller (PC) in LO path to
generate two orthogonal polarizations periodically. However, randomizing the LO signal
polarization states requires repeatable and accurate polarization controlling. Another
widely used technique is a polarization scrambler, which scrambles the polarization states
of the LO signal, and covers all polarization states equally [110, 111]. However,
polarization scrambler is an active device, which induces additional noise to the system
and is an expensive device. In addition, a complicated design is needed to make sure that
the scrambled polarization states can cover all polarization states equally [158].
Therefore, in this research work a simple, low-cost passive depolarizer is employed to

suppress the polarization noise significantly.

4.4.1 Operating Principle of Passive Depolarizer Technique

In heterodyne BOTDR system, the polarization state of both Brillouin signal and LO
signal should be identical to each other, in order to reduce the beat signal fluctuations.
Typically, the polarization state of the LO signal is stable, due to the small length of the
fibre path and stable environment. Deventer et al. [156] confirmed that the polarization
state of the backscattered Brillouin signal changes randomly along the fibre distance and
is unpredictable. Due to the core nonuniform density and core size, the polarization state
is not uniform along the fibre distance. The Brillouin signal over the fibre distance is

given by [157],

EB (Z) = EBX(Z)ex + EBy (Z)ey (46)
The Brillouin signal polarization state changes randomly in x and y directions along the

fibre distance, z . If the polarization state of the LO signal maintains only in x or y
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direction, only part of the Brillouin signal is maximized which leads to beat signal
fluctuations. Therefore, the polarization of the LO signal is split into two orthogonal

polarization states and described as [157],

Eio(t)=Eo(t)e, +Eo(t+At)e, (4.7)

where At is the time delay between the two orthogonal polarization states. When the LO

signal beats with the Brillouin signal, the resultant beat signal can be expressed as [158],

Imm:(Em+Em)Em (4.8)

The LO signal distributes in two orthogonal polarization states, thus the beat signal
fluctuations induced by the polarization noise can be eliminated effectively.

The schematic representation of the passive depolarizer is illustrated in Figure 4.19.
The polarization beam splitter (PBS) is used to split the input light polarization, which
are orthogonal to each other. These two signals are coupled back through a polarization
beam combiner (PBC). A polarization maintaining fibre (PMF) of 5 km is used as a delay
fibre at one arm. In our experiments, the laser linewidth is 2 MHz, which corresponds to
coherence length of 47.7 m [159]. Therefore, the delay fibre should be more than 47.7 m
in order to eliminate the fixed phase relationship. Due to availability of only 5 km PMF
pool in our laboratory, we used the delay fibre of 5 km. The time delay between the two
orthogonal polarization signals eliminates the fixed phase relationship between them,

when they are recombined using PBC. In this passive configuration, the LO signal is

Delay fibre (5 km)

PC

PBS PBC

Figure 4.19. Schematic representation of passive depolarizer
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Figure 4.20. Experimental setup of modified BOTDR system
(DFB= distributed-feedback laser, PC= polarization controller, MZM=Mach-Zehnder modulator,

EDFA=erbium doped fibre amplifier, ASE=amplified spontaneous emission, PBS=polarization beam

splitter, PMF=polarization maintaining fibre, CIR=circulator, ESA=electrical spectrum analyser)

Table 4.2. System Parameters

Component Parameter Value
Linewidth 2 MHz
DFB laser Centre wavelength 1550.1 nm
Output power 5dBm
MZM 1 (FOCI 2.5) Bandwidth 2.5 GHz
Pulse generator Pulse width 100 ns
Pulse amplitude 4V pp
EDFA 1 (CALMAR, AMP-PM- Gain 35dB
16) Noise figure <5.5 dB (typ)
EDFA 2 (OptoSci, EDFA-1) Gain 28 dB
Noise figure <5 dB (typ)
ASE filter (HJ Optronics) Pass-band 1545-1565 nm
MZM 2 (Photline, MXAN-LN-20) _Bandwidth 20 GHz
Modulation frequency 10 GHz
Microwave generator (Agilent, Bandwidth 20 GHz
E8247C)
Polarization maintaining fibre Length 5 km
(Thorlabs, PM1550-HP)
Photodetector (Thorlab, D400FC)  Bandwidth 1 GHz

composed of two orthogonal polarization signals, which significantly eliminates the beat

signal fluctuations [160, 161].
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The modified experimental setup of employing passive depolarizer in BOTDR system
is illustrated in Figure 4.20. The system specifications are shown in Table 4.2. The pump
signal is injected into the sensing fibre, which generates SpBS and detected at the same
end. The backscattered SpBS signal beat with the LO signal, the resultant electrical beat
signal having a frequency of about ~11 GHz, which requires the PD bandwidth higher
than 11 GHz. The use of higher bandwidth PD will result in a higher noise equivalent
power (NEP), which reduces the system accuracy. In addition, higher bandwidth
electronic devices are needed for electrical signal processing. To avoid the use of such
high bandwidth devices, an intensity MZM is often employed in LO path, while the
sideband frequency shift is controlled by the RF microwave generator. Therefore, we
employed an MZM in LO path to down-convert the backscattered Brillouin frequency.
The LO signal is then modulated by the MZM 2, whose frequency is downshifted and
upshifted by 10 GHz from the original frequency with two sidebands. Thereafter, the LO
signal is fed into the passive depolarizer to suppress the polarization noise. The peak
power before the depolarizer and after depolarizer is 5.2 dBm and 3.4 dBm, respectively.
Therefore, the insertion loss of the depolarizer is 1.8 dB.

The polarization noise suppression using a depolarizer is confirmed experimentally.

The peak Brillouin frequency power traces obtained with depolarizer and without

1.2

= With depolarizer
==Without depolarizer |

Intensity (a.u)
o o o
KN o © -

e
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‘
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Figure 4.21. Peak Brillouin traces with depolarizer and without depolarizer
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Figure 4.22. Three-dimensional Brillouin gain spectral distribution (a) without
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depolarizer is illustrated in Figure 4.21. For both the cases, 1000 trace averages are used.
The three-dimensional spectral mapping with and without depolarizer is illustrated in
Figure 4.22. The signal fluctuations induced by the polarization noise has been reduced
significantly using a depolarizer. The 10 km sensing fibre composed of 5 km-3 km-2 km
fibre pools, therefore from Figure 4.22(b), we can observe connection losses at 5 km and

8 km distance.

4.5 Experimental Demonstration of BOTDA System

In this section, the Brillouin optical time domain analysis (BOTDA) system, which is
based on stimulated Brillouin scattering (SBS) is investigated experimentally. In BOTDA
system, the launching pump power is limited by the presence of non-negligible
nonlinearities in the sensing fibre, typically modulation instability (MI) and self-phase
modulation (SPM) [162]. Therefore, the maximum pump power launched into the sensing
fibre is limited to about 20 to 22 dBm [163, 164]. Above this power, the nonlinear effects
reduce the system performance. Moreover, the counter-propagating probe power is also

strictly limited to ~6 dBm by pump depletion [165].
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Figure 4.23. Experimental setup of BOTDA system
(DFB-LD= distributed feedback laser diode, PC=polarization controller MZM= Mach-Zehnder

modulator, EDFA= erbium-doped fibre amplifier, ASE= amplified spontaneous emission,
CIR=circulator, FBG= fibre Bragg grating, PD= photodetector)

The experimental setup of BOTDA system is illustrated in Figure 4.23. A DFB laser
at 1550.1 nm was used as a light source. The output power of the DFB-LD is 5 dBm and
split into two signals, namely, pump and probe signal using a 50/50 coupler. The PC was
employed at the input of the MZM for obtaining the maximum optical power at the output
of the MZMs. An MZM 2 which modulates the electrical pulses into optical pulses using
a pulse generator. MZM 1 modulates the input signal at a frequency of sensing fibre BFS
(10.88 GHz) in a carrier suppression mode, driven by an external microwave signal
generator. Subsequently, the probe and pump signals are amplified by an erbium-doped
fibre amplifier (EDFA). Adjusting the output power of the EDFAs, pump and probe
powers are separately optimised at the sensing fibre input. The peak power of 20 dBm
and the counter-propagating CW power, 6 dBm sent to the 50 km sensing fibre. The pulse
width is set at 20 ns, corresponding to 2 m spatial resolution. The received backscattered
signal is sent to the fibre Bragg grating (FBG) in order to remove the unwanted upper

sidebands of the probe waves, Raleigh and Raman scattering components. The Brillouin

signal is then detected by a photodetector (PD) and analysed using an oscilloscope.
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4.5.1 Results Discussion

In SBS process, the pump energy transfer from a higher frequency to lower frequency
components. Therefore, a part of the pump energy transfer to the probe signal lower
sideband while they are counter-propagating each other within the fibre medium. This

will lead to a pump power depletion. However, when we use two probe waves at a
frequency of V; —Vg and V; +Vg, the pump energy transfer to the lower frequency, it can

be compensated by an energy transfer from the higher frequency probe to the pump. At
the receiver, the higher frequency probe wave can be filtered out using an FBG.

Firstly, the MZM 1 has been characterize in order to generate a probe wave, which is

same as the Brillouin frequency (V; —Vg) as shown in Figure 4.25. Adjusting the DC bias

mmmm Pyump signal

¢ P, = CW signal
b}
= / ‘\
g
Lower Upper
side band side band
V; —Vg v, V) +Vg

Optical frequency

Figure 4.24. Schematic diagram of energy transfer process using two sidebands
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Figure 4.25. The MZM output spectrum (a) DC bias at quadrature point (3.7 V) (b)
DC bias at minimum biasing point (0.3 V)
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Figure 4.26. The peak Brillouin power trace over the fibre distance

of the MZM, the carrier signal can be suppressed as shown in Figure 4.25(b). The upper
sideband (V; +Vg ) helps to avoid the pump depletion as described in Figure 4.24. The

time domain trace at peak Brillouin frequency (10.881 GHz) over the 50 km fibre distance
is obtained and illustrated in Figure 4.26. In order to obtain a three-dimensional spectral
mapping, the frequencies were swept from 10.83 GHz to 10.93 GHz, with a frequency
step of 1 MHz with 1000 trace averages. The obtained Brillouin gain spectral distribution
over the fibre length is shown in Figure 4.27. Using the Lorentz curve fitting to the
measured raw BGS data, the BFS distribution along the 50 km sensing fibre is obtained
and shown in Figure 4.27 inset.

A 4 m fibre at end of the sensing fibre was placed into the temperature oven, while
the rest of the fibre at ambient room temperature (25°C) and strain free. The temperature
was set at 50°C within the oven. The BFS distribution of the sensing fibre is shown in
Figure 4.28. The 2 m spatial resolution has been obtained as shown in Figure 4.28.

The BOTDA system requires access to both ends of the sensing fibre with complex
system implementation. After, careful discussions with Network Rail R&D team at
Photonics Research Laboratory, Northumbria University, the most appropriate and
convenient system for rail-track monitoring is BOTDR. This is because of single-end
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access to the sensing fibre and easy integration of BOTDR system with existing data
transmission fibre link. Therefore, the present research is focused on the optimisation and

improvement of BOTDR system.

4.6 Evaluation of BOTDR Measurement Uncertainty

This section describes the theoretical and experimental evaluation of BOTDR
measurement uncertainty. The key effects, such as the number of trace averages, Brillouin
linewidth and sweep frequency step on BOTDR system measurement uncertainty is

evaluated experimentally and compared with the theoretical analysis. In 2013, M. Soto et
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al. [162] proposed an analytical expression and evaluated measurement uncertainty for a
BOTDA system. Interestingly, no one evaluated the BOTDR measurement uncertainty in
such a manner. Therefore, in order to better understand the impact of different factors
(number of trace averages, Brillouin linewidth and sweep frequency step) have on BFS a

series of experiments and analysis are considered.

4.6.1 Noise Impact on Brillouin Gain Spectrum

The major noise sources come from the laser are phase noise (also known as laser
linewidth) and relative intensity noise (RIN). The laser linewidth is governed by the
deviation of the laser light spectrum from a specified peak frequency. Whereas, the RIN
is defined as the deviations of a laser output power, even at the constant DC current
supply. These deviations originate from the spontaneous emission, which is completely
random process within the laser cavity. In a distributed fibre sensor system, a highly
coherent narrow linewidth laser source is essential for optimum sensing performance
[166]. The commercial DFB laser sources have a -3 dB linewidth of usually a few MHz.
In 2013, Yun-Qi et al. [166] investigated the influence of the laser linewidth on the
performance of BOTDR system, which describes the finding that the linewidth of
backscattered BGS is almost constant when the laser linewidth is less than the 3 MHz.
Otherwise, the BGS linewidth broadens significantly when the laser linewidth greater
than the 3 MHz. Therefore, for a better sensing performance, a narrow linewidth (< 3
MHz) laser source is essential. The effect of RIN can be minimised by selecting an
appropriate averaging process [141].

Apart from the laser noise sources, the main noise sources in BOTDR system are
polarization noise, ASE noise, thermal and shot noise. The polarization noise and ASE

noise can be avoided using either polarization scrambler (PS) [167] or passive depolarizer
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and ASE filter, respectively. The mean square of the thermal noise ((ié)) and the shot

noise ((iszh)) can be expressed as [168],

(i2) = ‘”;ﬂ 4.9)
L
<|s,2h> = ZqRDBPB (t) PLO (4'10)

where K is the Boltzmann constant, T is the photodetector operating temperature in
Kelvin, B is the bandwidth of the photodetector, R, is the load resistance and q is the

elementary charge. It is important to mention that, the major shot noise comes from the

LO signal power, as detected Brillouin power much weaker than the LO signal power. As
a result, the Brillouin power, P;(t) can be negligible in equation (4.10).
Therefore, the total electrical noise power can be expressed as,

02 = <|t2h> + <|52h >+ < iIg—noise >
_ 4KTB

L

+2qR,BP o+ <iZ_ o > (4.11)

The term < ié_noise > is the total noise power from the electronic devices, for instance,

electrical spectrum analyser.

In BOTDR systems, the received photocurrent can be expressed as [169],
lon =2Rp\[Re (t)PLo COS(Vg —V o)t coso(t) (4.12)

where Ry is the photodetector responsivity, P;(t) is the peak Brillouin signal power at

time t, P o is the peak LO signal power, Vg —V, o is the frequency difference between

the Brillouin signal and LO signal, 8 denotes the polarization difference of the Brillouin
signal and LO signal.

Furthermore, the SNR of the BOTDR system can be expressed as [170],
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ZRS cos® (O)Fs ()R o \/Navg
~ (4KTB/R )+ (20R5 P, B)+C0S*(0)+ < iZ_poice >

NR(t) (4.13)

Assuming the polarization states of both Brillouin signal and LO signal are identical to
each other (6=0, a passive depolarizer is used throughout this research), and sufficient

trace averages are used (Navg>1000), then the SNR can be modified as,

_ 2 Rl% PB (t) PLO
(4KTB/R,) + (2qRoP.o B)+ <i2 . > (4.14)

SNR(t)

The backscattered signal power is relatively weak and the power before the
photodetector is usually low [171]. Therefore, it is important to mention, at the detection
the major noise source or dominant noise source is thermal noise, as the shot noise
contribution is considerably small. The quantification of local BGS is important in order
to estimate the strain and temperature measurement accuracy and resolutions. The
extracted BGS at one fibre location is shown in Figure 4.29. The peak BFS, intensity and
Brillouin linewidth are estimated by the curve fitting procedure. In general, the most
commonly used curve fittings are Lorentz, Voigt and quadrature least-square fitting
[127]. The estimation accuracy of peak BFS leads to better measurement accuracy.
However, the measurement accuracy depends on the noise of the measured BGS,

Brillouin linewidth, number of trace averages and sweep frequency step. In [162], an
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Figure 4.29. The extracted BGS at one fibre location
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analytical expression was developed for estimation of the BFS uncertainty for the first

time. The estimated BFS uncertainty can be expressed as [162],

1
- 755, (4.15)
o, (2) SNR(Z)J0755AVB

where SNR(Z) is the signal-to-noise ratio at distance z, J is the sweep frequency step

and Avg is the Brillouin linewidth at FWHM. This expression is subject to quadrature
curve fitting and the sweep frequency step much less than the Brillouin linewidth, i.e.,
0 << Avg. The detailed derivation of equation (4.15) can be found in [162]. For a 10 km

sensing fibre, while using quadrature curve fitting, the BFS uncertainty is validated both
theoretically and experimentally using the different factors.

The measured SNR over the fibre distance for different input pump powers is shown
in Figure 4.30. For an optimised input power of 18 dBm, the obtained SNR at end of the
sensing fibre is 9.1 dB. For the input power of 16 dBm and 14 dBm, the measured SNR
at end of the sensing fibre is 6.5 dB and 1.95 dB, respectively. Moreover, the measured
BGS linewidth (FWHM) at end of the sensing fibre is 32.1 MHz. For a reliable

comparison, the optimised input pump power (18 dBm) (has the best SNR and below the

20 —18 dBm -
—16 dBm
—14 dBm

-
[3,]

SNR in dB
o >
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Fibre distance (km)

Figure 4.30. The measured SNR over the 10 km fibre distance for various input pump
powers (14, 16 and 18 dBm)
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threshold level), which has an SNR value of 9.1 dB and the linewidth of 32.1 MHz is

used for all the theoretical measurement analysis.

4.6.2 The Different Key Factors Impact on BFS Uncertainty

The different key factor effects on BOTDR measurement accuracy, such as a number
of trace averages, Brillouin linewidth and sweep frequency step is evaluated
experimentally and compared with the theoretical analysis. The experimental setup of
BOTDR system for evaluation of BFS uncertainty is shown in Figure 4.31.

Firstly, the effect of number of trace averages on BFS uncertainty is evaluated. The
number of trace averages dependence on the BFS uncertainty described as [162],

1
N

avg

o, (z) = (4.16)

where N, is the number of trace averages, which follows an SNR proportional to the

9
,/Navg . The BFS uncertainty is estimated along the 10 km sensing fibre with different
trace averages. Using an 18 dBm input pump power, 100 ns pulse width and a sweep

frequency step of 1 MHz, the three-dimensional BGS constructed for different trace

averages. The BFS profile along the fibre distance is obtained with a quadrature curve
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Figure 4.31. Experimental setup of BOTDR system for BFS uncertainty evaluation
(DFB=distributed-feedback laser, PC= polarization controller, MZM=Mach-Zehnder modulator,
EDFA=erbium doped fibre amplifier, DD-MZM=dual drive-MZM, ASE=amplified spontaneous
emission, PBS=polarization beam splitter, PBC=polarization beam combiner, PMF=polarization

maintaining fibre, ESA=electrical spectrum analyser)
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fitting and illustrated in Figure 4.32(a). Calculating the standard deviations of the
measured BFS, the BFS uncertainty can be estimated over the fibre distance [162].
Moreover, the linear curve fitting was used for the measured data and illustrated in Figure
4.32(b). As shown in Figure 4.32(b), the BFS uncertainty at the end of the 10 km fibre is
1.17 MHz for 50 averages and 0.25 MHz for 1000 averages. The theoretical BFS

uncertainty is analysed using equations (4.15) and (4.16) for different trace averages and
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Figure 4.32. (a) The BFS distribution over the fibre distance and (b) standard deviations
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compared with the experimental values, as shown in Figure 4.33. The measured BFS
uncertainty is calibrated with sensing fibre strain (0.05 MHz/pe) and temperature
(1.07MHz/°C) coefficients to estimate the strain and temperature uncertainties for

different trace averages and shown in Figure 4.34.
Thereafter, the BGS linewidth, Avg impact on BFS uncertainty is evaluated

theoretically (using equation (4.15)) and experimentally as shown in Figure 4.35. In the
experiment, the BGS linewidth is changed with different pulse widths, as the spatial
resolution is changed then the local BGS linewidth varies accordingly [172]. For various
spatial resolutions, the same SNR (9.1 dB) is compensated for all the measurements with
varying the input pump power for a valid comparison. For three-dimensional spectral
mapping, the sweep frequency step is 1 MHz and 1000 trace averages are used. The curve
fitting is performed for each individual measurement and calculated standard deviations
of measured BFS along the fibre distance. As shown in Figure 4.35, the BFS uncertainty

at end of the sensing fibre is calculated and compared with theoretical values at a same
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theoretical analysis performed using (The calibrated strain and temperature
equation (4.15) with 6 =1 and SNR=9.1 dB)  coefficient of the fibre is 0.05 MHz/pe and
1.07 MHz/°C, respectively)
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set of conditions. The calibrated strain and temperature uncertainties at end of the sensing

fibre are illustrated in Figure 4.36.
Finally, in order to evaluate the impact of the sweep frequency step J, the Brillouin
spectral profile over the fibre distance is obtained with different sweep frequency steps at

a fixed trace averages of 1000 and linewidth of Avg =32.1 MHz. The theoretical curve as

shown in Figure 4.37 is calculated using equation (4.15) with Avg=32.1 MHz and

SNR=9.1 dB. The measured BFS uncertainty at the end of the sensing fibre for different
sweep frequency step is shown in Figure 4.37. The small sweep frequency step minimizes
the BFS uncertainty as more data points are involved in the curve fitting procedure. As

shown in Figure 4.37, the frequency step increases the BFS uncertainty grows following

a /&, relationship, which is in good agreement with theoretical analysis, o, (z) =\/g as

per equation (4.15). The calibrated strain and temperature uncertainties at the end of the

sensing fibre are illustrated in Figure 4.38.
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4.7 Factors Limiting the Performance of BOTDR System

The previous section discusses the different key factors, such as a number of trace
averages, Brillouin linewidth and sweep frequency step impact on the BFS uncertainty.
This section describes the several aspects which limits the BOTDR system performance.
The fundamental limitations of the BOTDR system, such as noise sources, non-negligible
nonlinear effects (which limits the input pump power), fibre loss and weak backscattered
Brillouin signal. The fibre loss makes further decreases the Brillouin signal intensity. In
order to compensate the fibre loss and strengthen the Brillion signal, high pump power
has to be launched. However, increasing the pump power alone cannot compensate the

fibre loss, due to fibre nonlinear effects that put a threshold on input pump power.
4.7.1 Major Noise Sources

The undesirable noise sources degrade the sensor system performance. Typically, the
noise sources are a combination of the optical and electrical noise. The electrical noise
associated with the detection system at the receiver, such as thermal noise, shot noise and
noise from the electronic devices (RF amplifier, spectrum analyser). The optical noise
sources are relative intensity noise (RIN), polarization noise, and amplified spontaneous
emission (ASE) noise?. Among the all noise sources, the dominant noise source is
polarization noise, which significantly influences the Brillouin signal intensity
fluctuations. EDFAs are often employed in Brillouin based sensors to get the required
launching pump power into the sensing fibre. Typically, the ASE noise bandwidth is ~5
nm which generates noise signals through various mixing processes, for instance with

pump and Raleigh signals, ASE beat with itself (ASE-ASE) and with the LO signal (ASE-

2 The ASE noise occurs only when the optical amplifiers are used in the system

92



LO). Apart from for the RIN, the optical noise sources cannot be reduced by the simply

signal averaging.
4.7.2 Power Depletion due to Attenuation

If only the fibre attenuation is considered, then the pump pulse propagating along the
fibre will be attenuated by a factor of «. Due to the requirement of optical amplification
in the sensor system and make use of low loss window, the pump wavelength is usually
optimised for the 1550 nm (third window) wavelength. For a single-mode silica fibre, the
attenuation is about 0.2 dB/km at a 1550 nm wavelength. However, operating at this
optimised low loss window and the round trip fibre loss (~0.4 dB/km) is unavoidable. For
instance, using a 50 km sensing fibre, the Brillouin signal is reduced by a 20 dB. The
strength of the backscattered Brillouin signal depends on the injected pump power. For a
longer fibre distance, the Brillouin signal is difficult to detect by the receiver. In order to
increase the Brillouin signal power, a higher pump power has to be coupled into the fibre.
However, we cannot indefinitely increase the pump power above the certain nonlinear
threshold level. The following section briefly explains the sensing fibre nonlinear effects

originates from the higher injected pump power.

4.7.3 The Key Nonlinear Effects in Sensing Fibre

In Brillouin based distributed fibre sensors, the strength of the backscattered signal is
proportional to the input pump pulse energy. The pulse energy depends on the pulse
width, but the desired spatial resolution limits the pulse width. The maximum launched
pump pulse power is governed by the onset of non-negligible nonlinear effects. The
nonlinear effects act to distort the pump pulse spectral profile along the fibre distance.
The potential nonlinear effects in BOTDR system are stimulated Brillouin signal (SBS),
stimulated Raman scattering (SRS), and self-phase modulation (SPM). The SBS and SRS

effects result in a rapid depletion of the pump power, thus limiting the sensing
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performance [162]. In order to avoid such nonlinear effects, the pump power should be
below the certain nonlinear threshold. Among all the nonlinearities, the SBS has the
lowest threshold value. Generally, within the distributed fibre sensor community, the SBS
threshold is defined as the point when the backscattered Brillouin peak power equals to
the power at the output of the fibre [25]. The threshold power for SBS and SRS can be

expressed as [25],

pSBS 21kp Ay

~ (4.17)
" O Less

pSRS 16kp s

~ (4.18)
o Or Lesr

where Ay is the effective core area (mode field area) of the fibre, k;, is the polarization

constant, gg is the Brillouin gain coefficient, L is the effective interaction length. The

Brillouin and Raman gain coefficients are 5x10! m/W [46] and 7x10* m/W [173] at a
1550 nm pump wavelength, respectively. The calculated Brillouin gain coefficient is
subject to when the laser linewidth is smaller than the Brillouin linewidth [174]. The SBS
and SRS threshold is approximately 40 mW to 60 mW (16-18 dBm) and ~400 to 600 mW
(26-27.8 dBm), respectively [162, 175, 176]. Therefore, the lowest nonlinear threshold is
SBS, which limits the maximum input pump power in BOTDR system.

In order to better understand the SBS nonlinearity of the sensing fibre, an experimental
analysis has been performed. Figure 4.39 illustrates the measured peak Brillouin
frequency power distribution along the 25 km fibre distance for different input pump
powers. In the case of input pump power, 18 dBm (blue line in Figure 4.39), which is
below the SBS critical power, it is possible to observe the exponential power distribution
all along the fibre distance. However, as the pump power increases to 20 dBm (red line

in Figure 4.39), the signal power decreasing rate is significantly faster than that of 18dBm
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Figure 4.39. Measured peak Brillouin power traces for different pump powers in
BOTDR system

case, which is due to pump depletion induced by the SBS nonlinearity. The high gain at
the starting of the fibre has nothing to do with the sensing range. In this case, the pump
power transfers most of its power to the Brillouin signal, as a result the Brillouin signal
has a high gain at the starting of the fibre. We obtained a maximum gain until 5 km fibre
distance because of the high input pump of 20 dBm than the 18 dBm case. Indeed, it
should be the low gain after the 5 km, which significantly affect the sensing range.
Therefore, increasing the input pump power in the conventional BOTDR system above
the certain nonlinear threshold cannot enhance the sensing performance.

After the SBS, another nonlinear effect limits the maximum pump power is
modulation instability (MI). The MI or sideband instability leading to the generation of
new sideband spectrums and eventually breakup the pump waveform into a train of
pulses. The Ml originates from the Kerr effect and anomalous dispersion within the fibre
[177]. The Ml is the main nonlinear parameter, which limits the maximum pump power
in the BOTDA system, where the SBS nonlinearity is compensated by a counter-

propagating continuous wave. Increasing the input pump power above the M1 threshold,
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the sensing system performance degrades significantly. The threshold level of MI is

described as [121],

—Measurements
---Fitted curves

Distamce [km]
Figure 4.40. Peak Brillouin gain distribution over 25 km fibre for different input
pump powers in BOTDA system [121]
MI 4

Py = 4.19
v =5 (#19)

where , is the fibre nonlinear coefficient, which is approximately 1.8 W-/km for

standard single-mode silica fibre. M. Alem et al. [121, 165] investigated the BOTDA
system MI threshold for a 25 km fibre, the obtained value is about 100 mW to 130 mW.
Figure 4.40 shows the Brillouin peak power distribution in BOTDA along the 25 km fibre
for three different input pump powers. For the case of the lowest input power of 130 mW,
it is possible to observe the natural exponential power decay by the fibre attenuation.
However, as the pump power increases, the Brillouin power distribution changes rapidly
due to the onset of MI.

Another nonlinear effect in the sensing fibre is SPM. SPM is induced by the pulse
phase change due to the refractive index dependence on the optical intensity. The SPM
induces the pulse spectral broadening, as a function of effective fibre length and optical

intensity. At a 1550 nm pump wavelength, the Raleigh and Brillouin spectral lines are
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relatively close (~11 GHz), therefore the spectral broadening exceeding ~11 GHz is

undesirable. The SPM threshold can be expressed as [25, 178],

Pﬂ?F’M ~ (Dmax (420)
7 Lesr

where ¢, is the maximum pulse phase shift, , is the nonlinear coefficient and can be

expressed as [178],

_ 27n,

7/ =
ﬂ“ppbff

(4.21)

where N, is the nonlinear refractive index and 4, is the pump wavelength. The Brillouin
linewidth broadening is proportional to the maximum phase shift. Considering the values
of N,=2.2x10%° m?/W, Ay =80 um?and 4,=1550 nm, the nonlinear coefficient, , is

equivalent to ~1.1 W/km [178] and for a 50 km sensing fibre and pulse width greater
than 30 ns, the SPM threshold power is more than 1.5 W. Therefore, in Brillouin based
distributed fibre sensor system, the nonlinear threshold level, which limits the maximum

pump is SBS (16-18 dBm) for BOTDR and MI (20-22 dBm) for a BOTDA system.

4.6 Summary

In this chapter, the BOTDR and BOTDA systems experimental investigation was
presented and the major noise sources are discussed. The devices such as DFB laser and
MZM are characterized. The strain and temperature effects on the Brillouin spectrum
have been analysed. The obtained strain and temperature coefficients of the sensing fibre
are 0.051 MHz/ue and 1.07 MHz/°C, respectively. Thereafter, a passive depolarizer is
employed in order to suppress the polarization noise and its operating principle was
discussed. The BOTDR and BOTDA systems are investigated experimentally using a

passive depolarizer. Furthermore, the different key factor effects such as, number of trace
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averages, Brillouin linewidth and sweep frequency step on BFS uncertainty is
experimentally evaluated and compared with the theoretical analysis. Finally, the key
nonlinear effects, which limits the sensing performance of BOTDR and BOTDA systems
are discussed. We found that the lowest nonlinear threshold in BOTDR system is SBS,
which limits the maximum input pump power of 16-18 dBm. Whereas, the lowest
nonlinear threshold in BOTDA system is M1, which is nearly 20-22 dBm. Therefore, we
need to find out the novel solution to overcome this restricted pump power. Since this
chapter presents the experimental analysis of the BOTDR and BOTDA system and their
limitations, the next chapter will focus on the optimisation techniques to improve the

sensing performance for the BOTDR system.
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Chapter 5
Optimisation of BOTDR system

5.1 Introduction

The previous chapter is solely dedicated to the experimental investigation of the
conventional BOTDR system and its limitations. The primary constructed heterodyne
BOTDR system at the University of Northumbria was reconfigured and optimised to
improve the sensing performance. As a further improvement to the BOTDR system, this
chapter describes a few techniques that have been employed in the conventional BOTDR
system. The improvement techniques include, (i) employing a balanced photodetector in
order to detect the weak Brillouin signal; (ii) cost-effective Brillouin ring laser for

receiver bandwidth reduction; and (iii) inline EDFA for sensing range improvement.

5.2 Employing a Balanced Photodetector

The balanced photodetector (B-PD) consists of two well-matched photodiodes with a

high transimpeadance amplifier (TIA). The B-PD output generate an voltage proportional

InDUH\\“ZE DL
'+ RF output

TIA

Input-\\<‘__ PD2
o
Figure 5.1. Functional block diagram of B-
PD with transimpeadance amplifier Figure 5.2. Thorlabs B-PD, PDB470C
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to the difference between the two photocurrents from the two photodiodes, i.e., the
difference between two optical inputs. For example, the higher voltage level after PD1
output is Vs and PD2 output is -Vs. Therefore, the voltage difference between the PD1 and
PD2 is Vs-(-Vs)=2Vs, which is double the input voltage level. The functional block
diagram of B-PD and Thorlabs B-PD (PDB470C, bandwidth: 400 MHz) are shown in
Figure 5.1 and Figure 5.2, respectively. The two input optical signals (input+ and input-)
are fed into the corresponding PD and the obtained photocurrents are subtracted.
Eventually, the remaining current difference is amplified through the transimpeadance
amplifier, while the subtraction resulting in the cancellation of common mode noise. The
detected signal is normally doubled compared to the single PD of equal responsivity. The
specifications of the Thorlabs B-PD (PDB470C) are listed in Table 5.1.

The experimental setup of employing B-PD in BOTDR is shown in Figure 5.3. The
upper branch signal is used for the pump and the lower branch signal is used for the LO
signal. The PC is employed at the input of each MZM to achieve the maximum optical
power at the output of the MZMs. The upper branch modulated with an MZM 1, which
modulates the electrical pulses into optical pulses. Subsequently, the output signal is
amplified by an erbium-doped fibre amplifier (EDFA). The amplified spontaneous
emission (ASE) filter is used to eliminate the ASE noise from the EDFA. The LO signal

Table 5.1. Specifications of the Thorlabs B-PD (PDB470C)

Parameter Value

Detector type InGaAs

Operating wavelength 1200-1700 nm
Responsivity 0.95 A/W @1550 nm
Damage threshold power 10 mwW

Bandwidth (3 dB) 400 MHz
Transimpeadance gain 10x103 A/W

Noise equivalent power (NEP) 8 pW/\/E
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Figure 5.3. Experimental setup of BOTDR system employing balanced photodetector

(DFB-LD= distributed-feedback laser diode, C=coupler, MZM=Mach-Zehnder modulator,
EDFA=erbium doped fibre amplifier, ASE=amplified spontaneous emission, CIR=circulator,

ESA=electrical spectrum analyser)

is then modulated by the MZM 2, whose frequency is downshifted and upshifted by the
10.8 GHz from the original frequency with two sidebands in order to reduce the receiver
bandwidth. Then, the MZM 2 output is sent through the passive depolarizer, for the
polarization noise suppression. The two output signals from coupler 2 is fed into the
positive and negative ports of the B-PD. The Brillouin gain spectrum (BGS) using a single
PD and B-PD are shown in Figure 5.4. In both the cases, the input pump power and pulse

width are same as 18 dBm and 100 ns, respectively.

-35
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&
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Figure 5.4. The Brillouin gain spectrums of single PD and B-PD
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Figure 5.5. Peak Brillouin frequency traces along the fibre distance with single PD
and B-PD

The noise floor (in the obscene of Brillouin gain) is found to be -53 dBm in both the cases.
However, the Brillouin gain amplifies approximately doubled using B-PD. At a peak
Brillouin frequency, the time domain traces are measured in both the cases using 25 km

fibre and illustrated in Figure 5.5.

5.3 Employing a Brillouin Ring Laser

In heterodyne BOTDR system, the backscattered Brillouin signal beats with the LO
signal. The resultant electrical beat signal has a frequency of about ~11 GHz (for silica-
based fibres), which requires the bandwidth of a PD higher than the 11 GHz. The use of
higher bandwidth PD will result in a higher noise equivalent power (NEP), which reduces
the system accuracy [179]. In addition, the higher bandwidth electronic devices are
needed for electrical signal processing. To avoid the use of such high bandwidth devices,
an intensity MZM (as shown in Figure 5.3) is often employed in the LO path, while the
modulated sideband frequency shift is controlled by the high bandwidth RF microwave
generator. In this technique, the modulator needs to be precisely controlled and the system
is more complicated. D. lida et al. [180] proposed a simple, cost-effective Brillouin ring

laser (BRL) and employed in the LO path instead of using expensive MZM and high
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bandwidth microwave generator. Therefore, the receiver bandwidth can be reduced
significantly in a cost-effective way.

The schematic representation of the BOTDR system using a BRL in LO path is
illustrated in Figure 5.6.The laser signal at a frequency of V, is divided into two
propagation paths using a coupler 1, in which the upper path is used for the pulsed pump
signal, whereas the lower path is used for the LO signal composed with a BRL [181]. An
EDFA is used to pump the high peak power above the SBS threshold to obtain sufficient

SBS power from the BRL fibre of 10 km. The obtained SBS output signal has a frequency
of v, —Vg_, o - This Brillouin frequency depends on the core material doping concentration

[100]. The measured BRL Brillouin gain spectrum (BGS) has a peak frequency of
10.77GHz with a narrow linewidth (full width at half maximum (FWHM)) of 5.2 MHz
as shown in Figure 5.7. The measured BRL optical spectrum is illustrated in Figure 5.7

inset. The BRL peak power can be easily controlled using an EDFA. The detected beat

Brillouin frequency is down-shifted in the order of few MHz, i.e., Vg —Vg_ . For
instance, if the sensing fibre BFS is, Vz =10.88 GHz and the BRL’s BFS is, Vg_, =10.77

GHz, the resultant electrical beat frequency is, Vg —Vg_ 0 =110 MHz.

Pulse Sensing
generator fiber
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Figure 5.7. The measured Brillouin

Brillouin ring laser

Figure 5.6. Schematic representation of
Brillouin ring laser based BOTDR

(C=coupler, EDFA=erbium doped fibre amplifier,

MZM=Mach-Zehnder modulator, ISO=isolator,
PD=photodetector) spectrum of BRL output)

gain spectrum of Brillouin ring laser
(BRL). (inset: Measured optical
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The measured peak Brillouin frequency (at 110 MHz) power traces are illustrated in
Figure 5.8. For a reliable comparison, in both cases, the input pump power and pulse
width are set same as 18 dBm and 100 ns (corresponds to 10 m spatial resolution),
respectively. From Figure 5.8, no improvement in Brillouin intensity over the fibre
distance using the BRL. The reason of employing BRL in LO path is for system
simplification. The three-dimensional spectral mapping where the frequencies were swept
from 60 to 160 MHz with a step of 1 MHz and 2000 trace averages are illustrated in
Figure 5.9. In this configuration, the BRL is composed with a simple implementation, and

the bandwidth of PD and electronic devices can be reduced significantly.
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Figure 5.8. Peak Brillouin gain traces along the fibre distance using MZM and
BRL in LO path
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Figure 5.9. Three-dimensional Brillouin gain spectrum using BRL

104



5.4 Sensing Range Improvement using Inline-EDFA

One of the technique to improve the sensing range is by increasing the input pump
power to compensate the unavoidable fibre loss. Moreover, maximizing the input pump
power improves the SNR, thus improved measurement accuracy and sensing range.
However, non-negligible nonlinear effects limits the maximum pump power. The
nonlinear effects result in a rapid depletion of the pump power, thus limiting the sensing
range [182]. There is a strong trade-off between the spatial resolution and sensing range.
The spatial resolution is determined by the transmitted pulse width duration, whereas the
dynamic range can be described as the strength of the backscattered Brillouin signal,
which can be measured at a required SNR. To achieve a better spatial resolution, the
shortest possible pulse has to be launched into the sensing fibre. The short pulse contains
less energy and can only cover a short fibre distance, which also makes the backscattered
power is relatively low. This ultimately limits the dynamic range of the system. Similarly,
longer pulse width contributes to higher SNR and dynamic range, but compromise the
spatial resolutions. Furthermore, due to the fibre nonlinear effects, the fibre loss and
spatial resolution cannot be compensated by increasing the pulse power above the
nonlinear threshold [127]. Considering this limitation, we propose to employ an inline
EDFA in the BOTDR system at a certain distance to amplify the attenuated pulse. This
amplification will increase the dynamic range without sacrificing the spatial resolution.

The experimental setup for the BOTDR using an inline EDFA is shown in Figure 5.10
[170]. A passive depolarizer is employed to suppress polarization noise. The BRL is used
for simple, cost-effective receiver bandwidth reduction. The input pump power is 18 dBm
and pulse width of 50 ns, which corresponds to 5 m spatial resolution. The sensing fibre
composed of two 25 km fibre spools, where, an inline EDFA (EDFA 3) is employed at a

25 km distance. After the port 3 of circulator 2, the attenuated pulse amplified using an
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Figure 5.10. Experimental setup of BOTDR using inline EDFA
(DFB-LD= distributed-feedback laser diode, PC= polarization controller, MZM=Mach-
Zehnder modulator, DD-MZM=dual drive-MZM, EDFA=erbium-doped fibre amplifier,

ASE=amplified spontaneous emission, PBS=polarization beam splitter, PMF=polarization maintaining

fibre, CIR=circulator, ESA=electrical spectrum analyzer, ISO=isolator)

EDFA 3 and the backscattered signal is diverted through port 3 of circulator 3 to port 1

of circulator 2. We can employ an inline EDFAs more than one in the system. However,

the noise figure (typically 5 to 7 dB) increases significantly by the number of EDFAs,

which reduces the SNR, thus decreases the strain and temperature measurement accuracy.

Figure 5.11 shows measurement results of the peak Brillouin frequency power traces

obtained with an inline EDFA (blue curve) and without an inline EDFA (black curve).

For both cases, 2000 trace averages were used. From Figure 5.11, using the conventional

Brillouin intensity (a.u)
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=== With EDFA
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Figure 5.11. Peak Brillouin power traces over the fibre distance with EDFA and

without EDFA
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Figure 5.12. Three-dimensional distribution of Brillouin spectrum over fibre distance
using inline EDFA. (inset: BFS distribution over fibre distance)

BOTDR (without inline EDFA), the intensity distribution over the fibre distance was
observed until approximately 32 km. However, employing an inline EDFA at end of the
25 km, the pump power was amplified to its initial power level. In order to obtain a three-
dimensional spectral mapping, the frequencies were swept with a step of 1 MHz and 2000
trace averages and illustrated in Figure 5.12. The inset in Figure 5.12 is the measured BFS
distribution profile over the sensing fibre distance.

By calculating the standard deviation of the measured BFS at each fibre location, the
BFS error along the fibre distance can be obtained as shown in Figure 5.13. In order to

find the local average BFS error value, polynomial fit has been used for measured data.
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Figure 5.13. BFS error over the 50 km fibre distance with inline EDFA
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Figure 5.14. The calibrated strain and temperature errors over the 50 km fibre length
with inline EDFA

From the Figure 5.13, at the far end of the sensing fibre, the BFS error is 1.16 MHz. For
strain and temperature estimation errors, the calibrated strain and temperature errors are
illustrated in Figure 5.14. Therefore, at the far end of the sensing fibre, the accuracy of
strain measurement is 23 pe (the calibrated strain coefficient of the fibre is 0.05 MHz/pe).
The accuracy of temperature measurement is 1.08 °C (the calibrated temperature

coefficient is 1.07 MHz/°C) [183].

5.5 Summary

Different optimisation techniques for performance improvement of BOTDR including
(i) employing balanced photodetector (ii) cost-effective Brillouin ring laser and (iii) inline
EDFA are demonstrated. This chapter is divided into three main sections; the first section
demonstrated the use of a balanced photodetector, which significantly amplifies the
detected Brillouin power. The noise floor is found to be same as -53 dBm in both the
cases of single PD and balanced PD. The detected Brillouin signal amplifies
approximately doubled using balanced PD. On the other hand, a cost-effective, low

complexity Brillouin ring laser (BRL) was demonstrated using a 25 km fibre. The use of
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BRL in LO path significantly reduces the receiver bandwidth with less complexity,
instead of using an expensive MZM and high bandwidth microwave generator. The last
section of this chapter validated by means of employing an in-line EDFA to compensate
for the fibre loss. An inline EDFA is employed using two circulators at a certain distance
of 25 km to amplify the attenuated pulse. This amplification will increase the dynamic
range without sacrificing the spatial resolution. The concept was experimentally
demonstrated using a 50 km sensing fibre and 5 m spatial resolution. Chapters 4 and 5
demonstrated the limitations and performance improvement techniques in BOTDR
system. The next chapter will demonstrate the proposed wavelength diversity technique
to overcome the nonlinear effects within the sensing fibre, which limits the standard

BOTDR sensing performance.
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Chapter 6
Experimental Investigation of

Wavelength Diversity Technique

6.1 Introduction

This chapter discusses the proposed wavelength diversity technique employed in the
BOTDR system. The performance analysis of the proposed wavelength diversity
technique is investigated experimentally and compared with the conventional single
wavelength BOTDR system. In a BOTDR system, the signal-to-noise ratio (SNR) of the
detected Brillouin signal determines the strain and temperature measurement accuracy at
any given location. Moreover, the higher SNR requires a lower number of trace averages,
thus a shorter measurement time. The SNR depends on the injected pump power, LO
power, sensing fibre distance and polarization noise. Increasing the injected pump power
in the BOTDR system will improve the SNR but the level of the pump power is limited
by the non-negligible nonlinear effects in the sensing fibre, which comprises of stimulated
Brillouin signal (SBS) [121]. If the pump power is above the nonlinear threshold, it will
result in pump power depletion and invoke unwanted nonlinear effects, hence reducing
the sensing range and the accuracy of strain and temperature measurements [184].
Considering the input pump power limitation, a novel wavelength diversity technique is
proposed in this research study. This technique enables the maximization of the launch
pump power and suppresses the nonlinear effects. As a result, the SNR increases

significantly.
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6.2 Operating Principle of Wavelength Diversity Technique

In the proposed wavelength diversity technique, multiple wavelengths are injected
into the sensing fibre to improve the SNR, thus achieving a higher measurement accuracy.
The multiple pump wavelengths significantly increase the total injected pump power into
the sensing fibre without activating the unwanted nonlinear effects, while keeping each
individual wavelength peak power below the SBS threshold level [176]. As described in

[185], the SBS threshold for N pump wavelengths is given by,
AV =NR (6.1)

where Plth is the single pump wavelength SBS threshold. Therefore, the SBS threshold

with N wavelengths with equal power will be N times greater than the single wavelength.
The total pump power with N wavelengths cannot be raised significantly more than the
stimulated Raman scattering (SRS) threshold, which imposes a power limit of ~400 to
600 mW [20, 21]. However, in the proposed technique using three wavelengths (N=3),
the total peak power (3x18 dBm (190 mW)) is still below the SRS threshold. It is
important to mention that, there are some prior works, which is employing a multi-mode
Fabry—Pérot laser [186] using a polarization scrambler. Due to the large wavelength
spacing (0.25 nm) between the Fabry—Pérot laser modes, the resultant beat spectrum
significantly broadens, which leads to the BFS uncertainty. In 2014, M. A. Soto et al.
[176] proposed a time and frequency pump-probe multiplexing method based on two
arrays of fibre Bragg gratings (FBGs) in the BOTDA system in order to avoid the
nonlinear effect, which is modulation instability (MI). The use of a larger pump frequency
spacing of 17 GHz leads to a substantial spectral broadening at the receiver. Moreover,
the use of a polarization scrambler induces an additional noise to the system. The method

proposed here is based on the heterodyne BOTDR system to overcome the SBS
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nonlinearity. In addition, we employ a simple, low-cost passive depolarizer and
experimentally investigated in the proposed system. The concept of the conventional
BOTDR (single wavelength) and our proposed wavelength diversity BOTDR are
illustrated in Figure 6.1 and Figure 6.2, respectively. Figure 6.1, illustrates the operating

principle of the conventional single wavelength BOTDR system. The pump signal at the
frequency, V, is injected into the sensing fibre, which generates SpBS and

detected at the same end. The backscattered Brillouin signal is downshifted with respect

to pump signal by the Brillouin frequency shift of frequency shift (BFS) of (~11 GHz for
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silica fibre). The Brillouin signal beat with LO signal with the frequency of V; —V 5. The

received electrical beat signal has the centre frequency of Vg —V 4. In Figure 6.2
illustrates the proposed wavelength diversity technique, where, three pump wavelengths

(N=3, where N is the number of wavelengths) with the corresponding frequencies of V;,

V,and V; have been considered for generating multiple pump wavelengths instead of a

single wavelength in the conventional BOTDR. As shown in Figure 6.2, the three pump

wavelengths generate three BGS, which beat with the corresponding LO signals and each

pump wavelength has the same frequency separation (Av) as shown in Figure 6.2(b).
The Stokes and Anti-stokes of each pump wavelength, which are Vy —Vg and Vy +Vg,
respectively (where, N=1, 2, 3) beat with corresponding LO frequencies of Vy —V, o and

Vy +Vi o, respectively. Therefore, at the receiver, the superimposed Brillouin gain

amplitude (which is proportional to the sensor amplitude response improvement [176])

will be N (three) times larger than that of the conventional BOTDR as shown in Figure

6.3. As a result, the SNR will increase. Considering the LO frequencies of vy —V, o and

Vy +Vi o, and the backscattered Brillouin Stokes signals of vy —Vg (N=1, 2, 3), the

potential obtained frequency components are described in Figure 6.4. It is noted that, the
frequency spacing between the pump wavelengths should be larger than the PD
bandwidth, in order to avoid the undesired beating between the other LO frequencies and
backscattered Brillouin signals.

In our proposed technique, the following factors should be taken into account: (i) the
frequency spacing between the pump wavelengths should be greater than the PD

bandwidth, in order to avoid the undesired beating between the other LO frequencies and
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(V Vg, V, = Vg, V3 = Vg )
backscattered Raleigh and Brillouin signals; (ii) the frequency spacing between the
different pump wavelengths must be two times larger than the BGS linewidth of ~30 MHz
to avoid the interference; (iii) on the other hand, if the frequency spacing is too large then
it will result in a beat spectral broadening at the receiver, which causes a BFS uncertainty
[187]. As shown in Figure 6.5, we experimentally verified that the BFS dependence on
pump wavelength. Figure 6.5(a) shows the measured BGS for different pump
wavelengths ranging from 1546 to 1562 nm and the resultant BFS dependence is 7.02
MHz/nm, as shown in Figure 6.5(b). This corresponds to 0.056 MHz/GHz. In the
proposed system, the frequency spacing is 5 GHz, therefore, the total broadening is
approximately 0.28 MHz, which is negligible as the natural BGS linewidth (FWHM) is

about ~30 MHz. The other nonlinear effects such as four-wave mixing (FWM) and cross-

-55 "

—1546] -
—1548
—1550| |
—1552
—1554
1556| 1
1558
—1560| |
1562

-60

10.9 7.02 MHz/nm

Intensity (dBm)
! 4 &
o 3,1

~
o
T
-
o
©

Brillouin frequency shift (GHz)

80 F 10.75 1
.85r . . . . . 10.7 : - : -
10.70 10.75 10.80 10.85 10.90 10.95 1 1546 1550 1554 1558 1562 1565
Brillouin frequency shift (GHz) Pump wavelength (nm)
(a) (b)

Figure 6.5. (a). BGS measured for different pump wavelengths (b) calculated BFSs

for wavelengths ranging from 1546 to 1562 nm
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Figure 6.6. Measured optical spectrums at (a) input and (b) output of the
sensing fibre (25 km)

phase modulation are considered negligible in proposed technique, as each wavelength
pump power is less than the SBS threshold and pump pulse repetition frequency normally
less than 1 MHz [110], (in our experiment, the pulse repetition frequency is 4 KHz). We
experimentally verified that, the power efficiency of FWM in our proposed system. The
input pump optical spectrums at the beginning and end of the sensing fibre (25 km) are
illustrated in Figure 6.6. At end of the sensing fibre, the power of the FWM spectral
component is approximately -40 dBm, which is less than the 0.1% of the input pump
power (18 dBm).

Furthermore, the pump wavelength frequency spacing can be set with following

different cases:
Case 1 (Av> 2 BFS): The frequency spacing between N pump wavelengths is at

least twice as large as the BFS (~11 GHz) of the sensing fibre to ensure no frequency
overlapping. In this case, the main disadvantage is that the large spectral coverage is
required in the presence of higher pump wavelengths. In addition, the higher frequency
RF signal generator and electro-optic modulator are needed to generate different pump

wavelengths, which make the system expensive.
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Case 2 (BFS <AV<2x BFS) . The frequency spacing can be higher than the BFS but

less than the twice of the BFS. This configuration is spectrally more efficient than the
case 1. However, in both case 1 and 2, the use of large frequency spacing leads to the beat

spectral broadening, thus BFS uncertainty.

Case 3 (2AvB <Av< BFS): The frequency spacing is lower than the BFS but higher

than the twice the BGS linewidth 2Avg (~60 MHz), hence avoiding the crosstalk between
BGS. In this case, generation of multi-pump wavelengths could be easier since it only
requires lower RF frequency components. Moreover, the BFS uncertainty induced by the
beat spectral broadening can be considered negligible [43]. Therefore, the most effective
configuration for separation of pump wavelength is case 3.

Furthermore, the detected photocurrent with N wavelengths can be expressed as [110],

N
Ln (1) = 2R [Py ()P COS(Vg; —V, )t O B(t) (6.2)
i=1

where Ry is the photodetector responsivity, Py (t) is the peak Brillouin signal power of

i pump wavelength at time t, Py, is the peak power of i™ LO signal, (Vg —V,o;) is
the frequency difference between the Brillouin signal and LO signal, € denotes the
polarization angle difference of Brillouin signal and LO signal. Furthermore, the SNR of
the wavelength diversity BOTDR with N wavelengths can be expressed as follows [169],

B 2R cos’ (1) R, ()P _ [N (6.3)
(4KTB/R_)+ (2R, Py _B)+c0s” 0(1)+ < if_ppise >

Ry

where PTB (t) is the total peak power of the Brillouin signal, PTLO is the total LO power
and N, is a number of trace averages. In the above denominator, the first term
(4KTB/R,) and the second term (2R, PTLO B) denote the thermal noise and shot noise of
the photodetector, respectively. K is the Boltzmann constant, T is the photodetector
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operating temperature in Kelvin, R, is the load resistance, q is the elementary charge,

B is the bandwidth of the photodetector and the term <i,§_noise > is the power of the

electrical noise.
Assuming, the polarization state of both Brillouin signal and LO signal are identical
to each other (=0, a passive depolarizer is used in the proposed system) and sufficient

trace averages are used (Navg>2000) [188], then the SNR can be modified as,

2R3P. (D)
Ry = of, P, - (6.4)
(4kTB/R.)+(20Rp P, B)+ <If_ngice >
PTB (t) and PTLO can be expressed as:
N
PTB t)= z Pai (1) (6.5)
i=1
N
PTLO = Z Floi (6.6)

i=1l

where P (t) is the peak power of the Brillouin signal of i pump wavelength and P, ;

is the peak power of the i Lo signal, respectively. In the proposed technique, each
pump wavelength has the same level of peak power, which is below the SBS threshold.
Therefore, the total injected pump power is spectrally distributed over three wavelengths

to overcome the nonlinear effects.

6.3 Experimental Analysis of Wavelength Diversity BOTDR

The experimental system for the proposed wavelength diversity BOTDR using the
passive depolarizer is shown in Figure 6.7. A tunable distributed feedback (DFB) laser at
a wavelength of 1550.116 nm with an output power of 10 dBm is used as a laser source.
The single wavelength laser output is modulated by an MZM, which is driven by an

external microwave signal generator at 5 GHz. In order to stabilize the frequency spacing
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Figure 6.7. Experimental system of wavelength diversity BOTDR (N=3) using

passive depolarizer

(DFB laser= distributed feedback laser, PC= polarization controller, MZM=Mach-Zehnder modulator,
EDFA=erbium doped fibre amplifier, DD-MZM=dual drive-MZM, ASE=amplified spontaneous

emission, CIR=circulator, PBS=polarization beam splitter, PBC=polarization beam combiner,

PMF=polarization maintaining fibre, ESA=electrical spectrum analyzer)

Table 6.1. System Parameters

Component Parameter Value
Linewidth 2 MHz
Distributed feedback (DFB) Wavelength 1550.116 nm
laser Output power 10 dBm
MZM 1 Bandwidth 15 GHz
Modulation frequency 5 GHz
Microwave generator 1 Bandwidth 7 GHz
DD-MZM Bandwidth 12 GHz
ASE filter Passband 1545-1565 nm
MZM 2 Bandwidth 20 GHz
Modulation frequency  10.6 GHz
Microwave generator 2 Bandwidth 20 GHz
Polarization maintaining fibre Length 5km
(PMF)
Balanced-photodetector Bandwidth 400 MHz

between the pump wavelengths, a specially designed bias control circuit is used, which

ensures a stable operation over time. By tuning the DC bias of the modulator, the three

pump wavelengths (i.e., the carrier and two sidebands) can be set to an equal peak power.
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The three pump wavelengths are split into two propagation paths using 50/50 coupler, the
upper branch signal is used for the pump and the lower branch signal is used for the local
oscillator (LO) signal. The polarization controller (PC) is employed at the input of each
MZM to achieve the maximum optical power at the output of the MZMs. The upper
branch signal is modulated with a dual drive MZM (DD-MZM), which modulates the
electrical pulses into an optical pulse with a high extinction ratio (~42 dB). Subsequently,
the output signal is amplified by an EDFA 1. An amplified spontaneous emission (ASE)
filter is used to eliminate the ASE noise from the EDFA 1. The peak pump power and
pulse width of each pump wavelength are the same as those of the single wavelength, i.e.,
18 dBm and 50 ns, respectively.

The LO signal is then modulated by the MZM 2, whose frequency is downshifted and
upshifted by 10.6 GHz from the original frequency with six sidebands. Thereafter, the six
LO signals are fed into the passive depolarizer to suppress the polarization. The LO signal
beat with the three BGS. The beat signal is detected by the balanced photodetector and
analysed by an electrical spectrum analyzer (ESA) in a zero-span mode. Acquisition
procedure and data processing remain identical to those of the conventional single
wavelength BOTDR. The electrical signal from the B-PD consist summed contribution

of BGS generated by three pump wavelengths.
6.3.1 Results Discussion

The peak Brillouin frequency power traces obtained for wavelength diversity BOTDR
with depolarizer and without depolarizer are illustrated in Figure 6.8. For both the cases,
2000 trace averages are used. As shown in Figure 6.8, the signal fluctuations induced by
the polarization noise has been reduced significantly using a depolarizer, which proves
that the introduction of a passive depolarizer can effectively reduce the beat signal

fluctuations [189].
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Figure 6.8. Peak Brillouin power traces of wavelength diversity BOTDR with

depolarizer (blue curve) and without depolarizer (red curve)

To experimentally validate the proposed system, the peak Brillouin frequency power
traces are measured for both the conventional single wavelength BOTDR and wavelength
diversity BOTDR (N=3). Figure 6.9 illustrates the comparison of the SNR of measured
traces for three different cases. The measured SNR of the wavelength diversity BOTDR
without depolarizer (black curve) has strong oscillations induced by the polarization
noise. Interestingly, the same SNR response has been obtained at the starting of the
sensing fibre, due to the same input pump power and low polarization noise, as the shorter
optical path. However, the polarization noise is significantly reduced using the passive
depolarizer technique. At the far end of the sensing fibre, the SNR of the conventional
BOTDR (red curve) is 5.1 dB. However, for the proposed wavelength diversity BOTDR
(blue curve), the SNR has been significantly improved up to 9.95 dB. Therefore, the
improved SNR is 4.85 dB, which corresponds to 174% improvement compared to a

conventional BOTDR system.
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In order to obtain a three-dimensional spectral mapping, the frequencies are swept
from 10.79 GHz to 10.94 GHz with a frequency step of 1 MHz and 2000 trace averages.
The proposed wavelength diversity BOTDR spectrum with passive depolarizer is shown
in Figure 6.10. The obtained BFS profile over the sensing fibre distance is shown in Figure
6.10 inset.

The BFS distribution of conventional BOTDR and wavelength diversity BOTDR
(both with passive depolarizer) over the sensing fibre is shown in Figure 6.11. By
calculating the standard deviation of measured BFS at each fibre location, the frequency
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Figure 6.10. Measured three-dimensional spectrum over fibre distance of proposed

wavelength diversity BOTDR with passive depolarizer
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error along the fibre distance can be obtained. We experimentally verified the strain and
temperature sensitivities of the sensing fibre. We obtained the strain sensitivity of 0.05
MHz/pe and temperature sensitivity of 1.07 MHz/°C. As shown in Figure 6.12, at the far
end of the sensing fibre, the frequency error of the conventional BOTDR and wavelength
diversity BOTDR are 0.65 MHz and 0.18 MHz, respectively. Therefore, at the far end of
the sensing fibre, the accuracy of strain measurement is 13 pe and 3.6 pe, respectively
(the calibrated strain coefficient of the fibre is 0.05 MHz/pg). Whereas, the temperature
measurement accuracies are 0.6°C and 0.16°C, respectively (the calibrated temperature
coefficient is 1.07 MHz/°C). This corresponds to measurement accuracy improved 3.6
times for the strain and 3.75 times for the temperature using the proposed wavelength
diversity BOTDR compared to the conventional single wavelength BOTDR.

In order to evaluate the temperature sensing performance and spatial resolution of the
proposed system, a 30 m fibre at the far end of the sensing fibre is placed in an oven. The
rest of the fibre is kept strain free and at room temperature (~25°C). At 65°C, the three-
dimensional spectral mapping is shown in Figure 6.13. The frequencies are swept from

10.8 GHz to 11 GHz, with a frequency step of 1 MHz and 2000 trace averages. The BFS
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Figure 6.14. Comparison of measured BFS distribution of conventional BOTDR

and proposed wavelength diversity BOTDR

distribution along the sensing fibre for both the conventional BOTDR and wavelength
diversity BOTDR is illustrated in Figure 6.14. The pulse width determines the spatial
resolution of the system, which can be also calculated in the time domain based on the
rise time. The spatial resolution of 5 m is obtained as shown in Figure 6.14 inset, which
confirms the 50 ns pulse width used in both systems. The results demonstrate an accurate
temperature measurement and no penalty on the spatial resolution in our proposed

technique.
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6.4 Employing Wavelength Diversity Technique in Brillouin

Ring Laser based BOTDR System

As described in Chapter 5, the Brillouin ring laser (BRL) is a simple and cost-effective
for receiver bandwidth reduction rather than the complex and expensive Mach-Zehnder
modulator (MZM) employed in local oscillator (LO) path. After the MZM in LO path,
each frequency further up and down shifted, and the higher order sideband components
make the signal interference between those backscattered Brillouin signals. Therefore, an
excess noise easily generates from the additional LO frequencies. The BRL has a high
spectral quality with minimized sideband components. Therefore, the proposed
wavelength diversity technique is employed in a BRL based BOTDR system. The
proposed system can improve the SNR significantly with a simple and cost-effective
implementation. The experimental setup for the wavelength diversity BOTDR using the
BRL and passive depolarizer is shown in Figure 6.15. The BRL output consists of three
Brillouin signals, which beat with the backscattered Brillouin signals of the sensing fibre.

The received signal is detected by the balanced PD and amplified by a low noise RF

Microwave Pulse
generator generator Pump pu|ses 50 km
5GHz| | i DC N .
oot ipe bC2 {bias Circulator Oven
DFo- 10 | pb-MZM}—] Fok S Q
LD | filter Sensing
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re (Vz _VB)
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Wavelength Brillouin | | Passive
diversity Local ring laser || depolarizer [=v> ) —{>f_| LNA H ESA } PC
oscillator (LO) (V2 =Vg_10)

Balanced
(V;~Vg_10) photodetector

Figure 6.15. Experimental setup of wavelength diversity BOTDR using Brillouin ring
laser

(DFB-LD= distributed feedback laser diode, PC= polarization controller, MZM=Mach-Zehnder
modulator, C=coupler, DD-MZM=dual drive-MZM, EDFA=erbium doped fibre amplifier,

ASE=amplified spontaneous emission, LNA= low-noise amplifier, ESA=electrical spectrum analyzer)
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amplifier (LNA), then analysed by an electrical spectrum analyser (ESA). Acquisition
procedure and data processing remain identical to those of the conventional single
wavelength BOTDR. In order to evaluate the sensing performance, the temperature

effects have been measured using a 50 km sensing fibre with a 5 m spatial resolution.

6.4.1 Results Discussion
Firstly, the BRL with three input wavelengths has been experimentally investigated.

The three input wavelengths at a frequency of V;, V,, V5 (Av =5 GHz) and the three BRL

output spectrums, V; —=Vg_ o, Vo —Vg_10+ V3 —Vg_Lo are shown in Figure 6.16. The BRL

output consists of three SBS spectrums corresponds to three input pump wavelengths. It
is important to mention that, these optical spectrums are measured by an optical spectrum
analyzer (OSA, AQ6370C) with a minimum resolution of 0.02 nm. The SBS peak powers
can be easily adjustable using an EDFA 2 in LO path [190].

In order to experimentally validate the proposed system, the peak Brillouin frequency
power traces are measured with a 50 km (two 25 km spools) fibre for both the
conventional single wavelength BOTDR (N=1) and wavelength diversity BOTDR (N=3)
using BRL. For a reliable comparison, the peak power and pulse width of each pump

wavelength are the same as those of the conventional single wavelength, i.e., 18 dBm and
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Figure 6.16. The Brillouin ring laser input and output optical spectrums
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50 ns, respectively. The SNR has been measured along the sensing fibre length, then fitted
with a polynomial curve in both the cases as shown in Figure 6.17.

At the end of the sensing fibre, the obtained SNR for the conventional BOTDR using
the BRL is 3.6 dB. The proposed wavelength diversity BOTDR using the BRL is found
to be 8.7 dB. Therefore, the improved SNR is 5.1 dB. For the wavelength diversity
BOTDR (N=3), even with the high injected pump power, the measured SNR (blue trace
in Figure 6.17) has no distortions particularly from nonlinear effects and the pump power
does not experience a power depletion, as the total power is spectrally distributed over
the three wavelengths. It is worth mentioning the noise power level has been measured in
both the cases, for N=1 and N=3. The measured RMS voltage of the noise level is found
to be same for both cases, i.e., 71 uV with 2000 trace averages, as the system is dominated
by the thermal noise [176]. Thus, the total noise floor level is same for the conventional
BOTDR (N=1) and wavelength diversity BOTDR (N=3) using the BRL.

The three-dimensional spectral mapping of proposed wavelength diversity BOTDR

using the BRL is obtained with a sweep frequency step of 1 MHz and 2000 trace averages
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Figure 6.19. Brillouin gain spectrums at end of the sensing fibre of conventional

and wavelength diversity BOTDR

and illustrated in Figure 6.18. The Lorentzian curve fitting is used for the obtained data
and the measured BFS distribution over the fibre distance is shown in Figure 6.18 inset.
The Brillouin gain spectrums at one fibre location (at end of the sensing fibre) are
extracted in both cases and illustrated in Figure 6.19. It can be clearly seen that the signal
fluctuations are greatly reduced using the proposed wavelength diversity technique.

By calculating the standard deviation of the measured BFS at each fibre location, the
BFS error along the fibre distance can be obtained. The standard deviations have been

measured for the BFS along the sensing fibre for conventional BOTDR (N=1) and the
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wavelength diversity BOTDR (N=3) using a BRL are illustrated in Figure 6.20. At the
end of the sensing fibre, the BFS errors for the two cases are measured to be 1.75 and
0.52 MHz, respectively. Therefore, at the far end of the sensing fibre, the estimated
accuracy of strain measurement is 35 pe and 10 pe, respectively (the calibrated strain
coefficient of the sensing fibre is 0.05 MHz/ug). Whereas, the temperature measurement
accuracies are 1.63°C and 0.48°C, respectively (the calibrated temperature coefficient is
1.07 MHz/°C).

Finally, the sensing performance and spatial resolution are characterized
experimentally for the proposed wavelength diversity BOTDR using BRL. At the end of
the sensing fibre, a 20 m fibre is kept in the temperature oven, while the rest of the fibre
is kept at strain free and ambient room temperature (~25°C). The temperature was set at
50°C within the oven. The BFS distribution along the whole sensing fibre is shown in
Figure 6.21 inset. The spatial resolution of 5 m is obtained as shown in Figure 6.21. The
results demonstrate an accurate temperature measurement without sacrifice on the spatial
resolution. For a 25°C temperature change, the estimated BFS is 26.75 MHz (25x1.07

MHz). From the Figure 6.21, the measured BFS change is 27.18 MHz for a temperature
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Figure 6.21. Brillouin frequency shift distribution under temperature effects on 20 m
fibre at end of the sensing fibre

change of 25°C. Therefore, the BFS error is 0.43 MHz, which corresponds to temperature
error of 0.4°C. So, we found a good agreement with the calculated standard deviation BFS
error of 0.52 MHz from the Figure 6.20, which corresponds to temperature error of
0.48°C.

Considering the values listed in Table 6.2 and the data calculated using equation (6.4),
(6.5) and (6.6), the theoretical SNR improvement in proposed technique compared to a
single wavelength (N=1) BOTDR s illustrated in Figure 6.22. For the wavelength
diversity BOTDR system (N=3), the obtained theoretical SNR improvement is 4.92 dB,

Table 6.2. Parameters used for theoretical calculation of SNR improvement [110]

Parameter Symbol Value
Photodetector responsivity Rp 1 (A/W)

No. of wavelengths N 1to 10

Local oscillator (LO) power Po 2.5dBm (1.77mW)
Boltzmann constant k 1.38 x1023 (J/K)
Thermodynamic temperature T 300 (K)
Photodetector bandwidth B 400 MHz

Load resistance Ru 50 ()
Elementary charge q 1.6x107*° (c)
Ele_ctrical (signal acquisition) <iZ> 4x1071 (A?)
noise

129



10

—&—Theoretical

8 * Experimental (N=3)
o
Z
14
z 6r
(72}
T
S 4l
(o]
S
Q
E

2 -

0 1% 1 1 1 1 1

0 2 4 6 8 10

Number of wavelengths (N)

Figure 6.22. Improved SNR vs number of wavelengths

which is in a good agreement with the experimental result of 5.1 dB. As shown in Figure
6.22, the SNR improvement rate decreases as the number of wavelengths increases. This
Is because of the shot noise increases with increased Brillouin and LO signal power. The
number of wavelengths can be increased by either multi EOMSs or narrow spacing multi-

wavelength laser source, however, the system will become more complex.

6.5 Summary

In this chapter, the implementation of proposed wavelength diversity BOTDR system
is demonstrated. The wavelength diversity technique enables to maximize the launch
pump power, hence achieving an improved SNR, while avoiding the unwanted nonlinear
effects, which limits the conventional BOTDR performance. Firstly, the proof-of-concept
has been implemented using a 25 km sensing fibre with 5 m spatial resolution. At end of
the 25 km, the wavelength diversity BOTDR (N=3) is able to provide an enhanced SNR
up to 4.85 dB, which corresponds to 174% improvement compared to the conventional
single wavelength BOTDR. As a further improvement and to reduce the complexity of
the system, a wavelength diversity technique employed in BRL based BOTDR system is
experimentally demonstrated with an improved SNR of 5.1 dB, which is 180%
improvement compared to the conventional single wavelength BOTDR using a 50 km
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Table 6.3. Summary of strain and temperature measurement accuracies at 50 km
distance for standard BOTDR and proposed wavelength diversity BOTDR

Optimised conventional Wavelength diversity

BOTDR (N=1) BOTDR (N=3)
SNR at 50 km 3.6dB 8.7dB
BFS error at 50 km 1.75 MHz 0.52 MHz
Corresponding temperature +1.63°C +0.48°C
accuracy
Corresponding strain accuracy +35 pe +10 pe

Required strain and temperature < £0.5°C and < 10 pe for temperature and
measurement accuracies for rail- train, respectively

track monitoring

sensing fibre and 5 m spatial resolution. In the proposed system, the strain and
temperature measurement accuracies were 10 pe and +0.48°C, respectively.

The summary of strain and temperature measurement accuracies at 50 km fibre
distance for optimised standard BOTDR (N=1) and proposed wavelength diversity
BOTDR (N=3) are listed in Table 6.3. According to Rail Safety and Standards Board
(RSSB), the required accuracy for strain and temperature measurements of the rail-track
were, < +10 pe and < £0.5°C, respectively [21, 191]. Moreover, we briefly discussed
with Network Rail R&D team at Northumbria Photonics Research Laboratory and agreed
for rail-track required measurement accuracies defined in Table 6.3. The proposed
wavelength diversity BOTDR (N=3) can be able to achieve required measurement
accuracies with a 50 km sensing range and 5 m spatial resolution.

This chapter focuses on the proposed wavelength diversity BOTDR system
implementation, the next chapter will focus on the simultaneous integration of long-term
evolution (LTE) radio over fibre (RoF) data system and BOTDR sensing system using a

single optical fibre.

131



Chapter 7
Integration of LTE-RoF Data System
and BOTDR Sensing System using a
Single Optical Fibre

7.1 Introduction

Chapter 6 demonstrates the proposed wavelength diversity BOTDR system and
summarised the strain and temperature measurement accuracies. This chapter solely
dedicated to an efficient integration of long-term evolution (LTE) radio over fibre (RoF)
data system and BOTDR sensing system using a single optical fibre. The proposed
simultaneous integration of data and sensing system utilizes an existing active data
transmission cable along the rail-track side. This simultaneous integration permits of rail-
track monitoring and data transmission over a single optical fibre.

In recent years, mobile communication technology has developed rapidly, partly due
to the huge demand for the high data rate services. Therefore, the 3™ generation
partnership program (3GPP) has introduced a sophisticated technology known as the 41"
generation long-term evolution (4G-LTE) to meet the demands of mobile broadband
users [192]. In this regard, the 4G-LTE has introduced a network architecture that
includes an enhanced NodeB (eNB) and home eNB (HeNB) for both indoor and outdoor
wireless applications, respectively [11]. The LTE uses a single carrier modulation (SCM)
of the quadrature-phase shift keying (QPSK), 16-quadrature amplitude modulation (16-
QAM) and 64-QAM modulation based on the orthogonal frequency division multiplexing

(OFDM) for downlink. QAM modulation in which data is transferred by modulating the
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amplitude of two separate carrier waves (mostly sinusoidal), which are out of phase by
90 degrees. Due to their phase difference, they are called quadrature carriers. QAM
modulation with M symbols is known as M-QAM, for eaxample 16-QAM and 64-QAM.
The constallation sizes that are even powers of 2 (M=2, 4,...) are typically used to make
the constallation in both axes. The 4G-LTE technology with radio-over-fibre (RoF)
technique is widely adopted and the fibre infrastructure has been installed extensively,
including fibre to the home (FTTH), fibre to the building/basement (FTTB), fibre to the
cabinet (FTTC), fibre to the node (FTTN). [193]. Apart from that, the single-mode fibre
(SMF) has been used for the broadband backbone network due to its low attenuation and
large bandwidth [194]. However, there is a need to find sophisticated techniques for
effective uses of the existing fibre infrastructure for other emerging applications.

On the other hand, structural health monitoring is a key element of safety and
management of various infrastructures. Conventional fibre sensors, such as fibre Bragg
gratings (FBG) and long-period Gratings (LPG) measure only at a specific location of
interest. Over the last decade, the use of Brillouin based distributed fibre sensors for
structural health monitoring applications has increased rapidly [195], due to their unique
advantages, such as high sensing range over tens of kilometres, and capabilities of
simultaneous strain and temperature measurements. In Brillouin based distributed fibre
sensors, two techniques are commonly investigated: Brillouin optical time-domain
reflectometry (BOTDR) [84], based on spontaneous Brillouin scattering (SpBS). The
BOTDR system features simple implementation schemes and only requires access to the
single end of the sensing fibre. The BOTDR system utilise a linear dependence of
Brillouin frequency shift (BFS) on strain and/or temperature along the fibre length, while
its position is determined by the pulsed time-of-flight method. However, providing a new
fibre infrastructure for distributed sensing system is a huge economic burden with much

complexity, which discourages the wide-spread uses of the distributed sensing system.

133



Therefore, sharing the existing data transmission fibre infrastructure for distributed
sensing will be a cost-effective and efficient method for applications such as strain
measurement in submarine active data transmission optical cable, earthquake damage,
and frozen cable [197]. The Railway industry uses a fibre infrastructure installed along
the track-side for the data transmission. The integration of distributed sensing system with
the existing optical cable can be used for condition monitoring of land-slides, track
ballast, electric-pole/tree fall, snow drifts, flooding and lineside fire detection in real-time
and remotely. The integration of distributed sensing and active data transmission using a
single optical fibre is an unexplored area of research.

For the first time, we proposed the simultaneous integration of LTE-RoF data
transmission system and BOTDR sensing system using a single optical fibre link. The
LTE-RoF data system is composed of three modulation formats of quadrature phase-shift
keying (QPSK), 16-quadrature amplitude modulation (16-QAM) and 64-QAM. For the
data transmission system, the error vector magnitude (EVM) is analysed for QPSK, 16-
QAM and 64-QAM at different data and sensing powers and sensing powers using a 25
km single-mode silica fibre. In order to evaluate the sensing system performance, the

temperature effect has been measured with a 5 m spatial resolution.

7.2 Overview of Radio-over-Fibre

Early days of telecommunication applications such as the global system for mobile
communication (GSM) and general packet radio services (GPRS) can accept low data
rates. However, today’s users demand high data rates with secure transmission. An
integration of wireless and optical systems will lead to high capacity, high data rate and
mobility stations [198]. In a RoF system, light is modulated by a radio frequency (RF)
signal and the modulated signal is then transmitted through an optical fibre. In other

words, a system is used to transfer an RF signal over an optical fibre link is known as
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RoF system. Figure 7.1 shows the RoF architecture for in-building transmission, base
stations, and railway applications. At the central station (CS), the functions such as signal
processing, signal routing and resource management are carried out and then the signal is
transmitted to various destinations. The importance of the RoF system topology is that it
could directly transmit RF signals over the fibre without any further processing at the
base station (BS). All the complicated RF modem and signal processing functions remain
at the CS [199]. Therefore, it directly introduces a reduction in the system wide
installation and maintenance costs, reduces and simplifies BS complexity and allows a

distributed system.
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Figure 7.1. The usage of RoF for several applications
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7.3 LTE-RoF Data System

The experimental setup of LTE-RoF data system is shown in Figure 7.2. A DFB laser
at 1550 nm with an output power of 5 dBm is used as a laser source. The temperature
controller (set at 25°C) is used to maintain a constant DFB laser temperature. The
continuous wave is then externally modulated using an MZM (Photline, MXAN-LN-20).
The polarization controller (PC) is employed at the input of MZM to achieve the
maximum optical power at the output of the MZM. The LTE signal is generated by a
vector signal generator (VSG, Agilent- E4438C) with three different modulation formats
of QPSK, 16-QAM and 64-QAM. The VSG generated a real-time LTE signal with a
carrier frequency of 2.6 GHz and 10 MHz bandwidth via a signal studio software. After
MZM, the signal is then amplified to the required launch power using an EDFA.
Thereafter, the signal is transmitted through 25 km single-mode silica fibre.

At the receiver, the RF signal is detected by a PD (Thorlabs, PDA8GS) and amplified
using a low noise RF amplifier (LNA, PE15A1008). The detected signal is analysed using
a signal analyser (Agilent 9020A MXA), which is automated using an Agilent 89601B
VSA software. The EVM of detected symbols is estimated using the VSA software in

real-time. The EVM describes the system performance in the presence of noise and

Transmitter Receiver
Vector signal SME Agilent
generator (25 km) 89601B VSA
LTE signal} H
(26 GHz) | it%gs @ Sig;nal
DFB-LD gg MZM ~[>~ PD {> analyser
Bias
curlraesnt' EDFA LNA
Temperature
controller

Figure 7.2. Experimental setup of LTE-RoOF data system

(DFB= distributed-feedback laser, PC= polarization controller, MZM=Mach-Zehnder modulator,
EDFA=erbium doped fibre amplifier, SMF=single-mode fibre, PD=photodetector, LNA=low noise

amplifier)
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channel impairments. The EVM is defined as the root-mean-squared (RMS) value of the
difference between a collection of measured symbols and ideal symbols [200]. The value
of the EVM is averaged over normally a larger number of symbols and it is often

expressed as a percentage (%) or in dB. The EVM can be expressed as [201],

N
CDINORENO;
P

[o]

EVM s = (7)

where N is the number of symbols for the in phase-quadrature (1-Q) constellation, S, (n)

and S;(n) are the received and transmitted values of the n™ baseband symbol and P, is

the average power of the ideal transmitted symbol, which is utilized for normalization
[202]. In an additive white Gaussian noise (AWGN) is =1 and a large value of N, the ideal

EVM can be further expressed as [201],

[N / 1
EVM, e & |—2 = [—— (8)
RMS AP, SNR

However, as regards SNRs and considering the channel impairments, the measured EVM

values in this case is expected to be less than the ideal values [200].

7.4 BOTDR Sensing System

The experimental setup for the BOTDR sensing system is illustrated in Figure 7.3. A
tunable DFB laser at a wavelength of 1546.12 nm and an output power of 12 dBm is used
as a laser source. The LO signal is modulated by the MZM 2, whose frequency is
downshifted and upshifted by 10.6 GHz from the original frequency. Thereafter, the LO
signal is was fed into the passive depolarizer to suppress the polarization noise. the
received signal is was detected using the balanced photodetector (bandwidth: 400 MHz)

and analyzed using an electrical spectrum analyzer (ESA) in a zero-span mode.
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Figure 7.3. Experimental setup of BOTDR sensing system
(DFB= distributed-feedback laser, PC= polarization controller, MZM=Mach-Zehnder modulator, DD-
MZM=dual drive-MZM, EDFA=erbium doped fibre amplifier, ASE=amplified spontaneous emission,
PBS=polarization beam splitter, PMF=polarization maintaining fibre, CIR=circulator, ESA=electrical

spectrum analyser)

7.5 Simultaneous Integration of LTE-RoF Data System and

BOTDR Sensing System

The experimental setup for integration of LTE-RoF data system and BOTDR sensing
system is illustrated Figure 7.4. The measured optical spectrums of different locations are
illustrated in Figure 7.5. The proposed system parameters of both data system and sensing
system are shown in Table 7.1.

In order to mitigate the interference and maintain the optical spectral efficiency, the
proposed system is designed with two dedicated wavelengths each for data system and
sensing system. The complete BOTDR sensing system is located at one end, as the input
pump signal and backscattered signal operated at the same end of the fibre. The pulse
width set at 50 ns, corresponds to 5 m spatial resolution and the pulse period is 255 ps,
whereas the pulse repetition frequency is 4 kHz. The data system is composed of a QPSK,
16-QAM and 64-QAM with a bit rate of 20, 40 and 60 Mbps, respectively. It is significant
to employ an isolator after the data system transmitter; therefore, the signal reflections do
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not impact on the data system operation. The data signal and the sensor signal are
simultaneously sent through a multiplexer and then sent to a 25 km single-mode silica
fibre. At the receiver, a band-pass filter (BPF) is used to eliminate the sensor signal and
simply allowed the data signal. Therefore, the data detection at the receiver will not be

influenced by the sensor signal.

SMF
0 i) 25km (iv)
BOTDR sensing | * 4 4" | LTE-RoF data system
system —CO- BPF ¢ receiver
(1546.12 nm) (l\mtiplexer 1550+2nm (EVM analysis)

Isolatorﬂﬂ

LTE-RoF data system
transmitter
(1550 nm)

Figure 7.4. Experimental setup for integration of LTE-RoF data system and

BOTDR sensing system using a single optical fibre
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Figure 7.5. Measured optical spectrums of (i) BOTDR sensing system (ii) LTE-RoF
data system (iii) after multiplexer and (iv) after band-pass filter (BPF)
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Table 7.1. System Parameters

Parameter Value
LTE-RoF Data system
Optical wavelength 1550 nm
Optical power 0to 10 dBm
Modulation scheme QPSK, 16-QAM and 64-QAM
QPSK=20 Mbps
Bit rate 16-QAM= 40 Mbps
64-QAM=60 Mbps
Baseband multiplexing OFDM
Carrier frequency 2.6 GHz
Signal bandwidth 10 MHz
RF power 0 dBm
MZM bandwidth/insertion loss 20 GHz/6.1 dB
EDFA gain, noise figure 28 dB, 3.8dB
SMF length 25 km
PD responsivity 0.95 A/W (@1550 nm)
LNA-gain, NF (dB) 25dB, 1.6 dB
BOTDR sensing system
Optical wavelength 1546.12 nm
Optical power 14,16 and 18 dBm
Pulse width/period 50 ns/255pus
Pulse repetition rate 4.2 KHz
EDFAL1&2 gain, noise figure 30dB, 4dB
ASE filter passband 1545-1555 nm
PD responsivity 0.95 A/W (@1550 nm)

7.6 Results Discussions

In order to evaluate the data system performance in the presence of sensing signal, the
EVM is analysed at different sensing power levels of 14, 16 and 18 dBm. In experiments,
the EVM is estimated using an Agilent VSA software, which is connected to the signal
analyser. Firstly, the EVM performance is analysed based on QPSK modulation using a
10 MHz bandwidth at 2.6 GHz carrier frequency. Figure 7.6 shows the measured EVM

values against the different data powers at three fixed sensing power levels.
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Figure 7.6. Measured EVM for various data powers at a fixed sensing power. The
LTE modulation format is QPSK with 10 MHz bandwidth

The EVM values at 1 dBm data power, are ~24.5%, ~ 23.5% and ~ 22.1%, obtained
with the sensing powers of 18 dBm, 16 dBm and 14 dBm, respectively. At the 10 dBm
data power, the measured EVM values are approximately same as ~3.5% for different
sensing powers. The wavelength spacing is sufficiently large, whereas the BPF
successively eliminates the sensing power before data detection at the receiver end.

Thereafter, at a fixed sensing power of 18 dBm, the EVM analysed with and without BPF

50 - ——With BPF
—«—Without BPF
-~ ~EVM limit (17.5%)

4

1 2 3 4 5 6 7 8 9 10
Data power (dBm)

Figure 7.7. Measured EVM with and without band-pass filter (BPF) for various data
powers and fixed sensing power of 18 dBm
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are shown in Figure 7.7. Without BPF, the sensing signal power is significantly influence
the data signal, thus degrades the data system performance.

Thereafter, the EVM values are analysed for 16-QAM and 64-QAM modulation
formats independently. The measured EVM values at a fixed sensing powers are shown
in Figure 7.8(a) and (b), respectively. In both modulation formats, at a 10 dBm data
power, the EVM values are approximately the same for various sensing powers. The
obtained EVM values for 16-QAM and 64-QAM at 10 dBm data power are ~3.4% and

~3.6%, respectively.
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(b)
Figure 7.8. Measured EVM for various data powers at a fixed sensing power, (a) 16-
QAM (b) 64-QAM with 10 MHz bandwidth
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The temperature effects have been characterized both on data system and sensing
system. The 25 km fibre was kept in a temperature controlled oven and subject to a range
of temperatures. The data power and sensing power are fixed at 10 dBm and 18 dBm,
respectively. The EVM values of the data system (64-QAM) and Brillouin gain spectrum
(BGS) of the sensing system has been measured simultaneously and the results are shown
in Figure 7.9(a) and (b). The measured EVM values are fitted with a linear fit and the
obtained slope is 0.024+0.00025%/°C. At room temperature (~25°C), the obtained
Brillouin frequency shift is 10.89 GHz and the slope (temperature sensitivity) is
1.07+0.013 MHz/°C.

At the room temperature (~25°C) and at a fixed data power (10 dBm) and a sensing
power (18 dBm), the three- dimensional Brillouin spectrum is obtained and shown in
Figure 7.10. In order to obtain a three-dimensional spectral mapping, the frequencies are
swept from 10.85 GHz to 10.95 GHz with a frequency step of 1 MHz and 2000 trace

averages. The measured BFS profile over the 25 km fibre is shown in Figure 7.10 inset.
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Figure 7.9. The temperature effects on (a) data system EVM performance (b) sensing

system Brillouin gain spectrum (BGS)
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Figure 7.10. Three-dimensional distribution of Brillouin gain spectrum over the fibre

distance. Inset: BFS distribution over fibre distance

Finally, in order to evaluate the sensing performance and spatial resolution of the
sensing system in the presence of active data transmission, a 20 m fibre at end of the
sensing fibre is kept in the temperature oven, while the rest of the fibre is at strain free
and ambient room temperature (~25°C). The temperature was set at 50°C within the oven.
The BFS distribution of the complete sensing fibre is shown in Figure 7.11 inset. The
spatial resolution of 5 m is obtained as shown in Figure 7.11. For a 25°C temperature

change, the measured BFS value from the Figure 7.11 is 27.36 MHz. However, the
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Figure 7.11. BFS distribution over fibre distance under 50°C temperature on 20 m

fibre at end of the sensing fibre. Inset: BFS over the whole length of the fibre
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expected value for 25°C temperature change is 26.75 MHz (1.07 MHz/°C). Therefore, the
temperature measurement error is 0.61 MHz, which corresponds to the temperature error
of 0.57°C. The results demonstrate an accurate temperature measurement without any

effects originates from the data signal.

7.7 Summary

In this chapter, the simultaneous integration of LTE RoF data system and BOTDR
sensing using a single optical fibre was proposed and demonstrated. Using a 25 km single-
mode silica fibre, the optimised BOTDR sensing powers of 14, 16 and 18 dBm and LTE
RoF data system powers from 0 to 10 dBm, the EVM performance has been analysed.
The EVM was analysed for three modulation formats of QPSK, 16-QAM and 64-QAM
independently. At an 18 dBm sensing power, the obtained EVM values for 16-QAM and
64-QAM at 10 dBm data power are ~3.4% and ~3.6%, respectively. The influence of
sensing power on EVM performance at the data system receiver was investigated with
and without band-pass filter (BPF). Thereafter, the various temperature effects on 25 km
fibre under test have been demonstrated, which we found that the data system EVM is
0.024+0.00025%/°C and the sensing system temperature sensitivity is 1.07+0.013
MHz/°C. Finally, the sensing performance and spatial resolution of the sensing system
has been investigated. For this purpose, a 20 m fibre at end of the fibre is kept in the
temperature oven, while the rest of the fibre is at strain free and ambient room temperature
(~25°C). The proposed simultaneous integration of data and sensing system utilizes an
existing active data transmission cable along the rail-track side, which significantly

reduces the fibre optic infrastructure cost.
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Chapter 8

Conclusions and Future Work

8.1 Conclusions

This thesis has presented performance improvement techniques for a Brillouin optical
time domain reflectometry (BOTDR) system. Firstly, the performance optimisation
techniques have been investigated, which includes; (i) a passive depolarizer (ii)
employing balanced photodetector (iii) cost-effective Brillouin ring laser and (iv) an
inline erbium-doped fibre amplifier (EDFA). It was the principal aim of this research to
propose a novel wavelength diversity technique in BOTDR system to overcome the
restricted input pump power, which limits the signal-to-noise ratio (SNR) of the system.
The proposed wavelength diversity BOTDR has achieved a required rail-track monitoring
measurement accuracies of strain (10 pe) and temperature (+0.48°C) at a 50 km sensing
distance. Moreover, for the first time, this thesis presented a simultaneous integration of
BOTDR sensing system and long-term evolution (LTE) radio over fibre (RoF) data
system using a single optical fibre, which can be effectively applied for existing optical
fibre link along the rail-track side.

The thesis began with an overview of light scattering effects within the optical fibre,
which was explored further in Chapter 2. The different scattering effects, such as Raleigh,
Raman and Brillouin scatterings are discussed. The theoretical analysis of linear and
nonlinear scattering, and the Brillouin and Raman threshold has been discussed. Due to
the importance of the Brillouin scattering, a detailed explanation was given with

comparison with Raman scattering.

146



Focusing on the current state of the technology, Chapter 3 reviewed the distributed
fibre sensor techniques, which were based on Raleigh, Raman and Brillouin scattering.
The operating principles with their schematic representations have been described. The
different applications of distributed sensors are discussed. The Brillouin based distributed
fibre sensor systems and their well-known techniques and achievements are summarized.

Chapter 4 describes the experimental investigation of the standard BOTDR and
BOTDA systems. The experimental test-bed of both BOTDR and BOTDA systems were
developed successfully at Northumbria’s Photonics Research Laboratory. The strain and
temperature effects on the Brillouin frequency shift (BFS) have been analysed, which
were 0.05 MHz/pe and 1.07 MHz/°C, respectively. In order to eliminate the polarization
noise, a simple, low-cost passive depolarizer is adopted and experimentally investigated.
the different key factor effects such as, number of trace averages, Brillouin linewidth and
sweep frequency step on BFS uncertainty are experimentally investigated and compared
with the theoretical analysis. The limited SNR has been identified, which is restricted by
the maximum input pump power and the major noise sources are classified.

In order to optimise the BOTDR system performance, Chapter 5 demonstrated the
different techniques, includes (i) employing balanced photodetector (ii) cost-effective
Brillouin ring laser and (iii) an inline EDFA. The use of a balanced photodetector
significantly enhances the Brillouin gain spectrum at the receiver. On the other hand, the
Brillouin ring laser (BRL) significantly reduces the receiver bandwidth with a less
complexity. Finally, an in-line EDFA was used to compensate the fibre loss and this has
been investigated using two 25 km fibre spools to demonstrate a system with a 5 m spatial
resolution.

All the previous chapters concentrated on the theoretical analysis and optimised
techniques for the BOTDR system performance. It is vital that overcome the nonlinear

effects within the sensing fibre, which limits the BOTDR sensing performance.
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Therefore, Chapter 6 investigated the proposed wavelength diversity technique, which
enables the maximization of the launch pump power, while avoiding the unwanted
nonlinear effects. Firstly, the proof-of-concept of proposed wavelength diversity BOTDR
(N=3) was demonstrated using a 25 km fibre with a 5 m spatial resolution. At the end of
the sensing fibre, the enhanced SNR is up to 4.85 dB, which corresponds to 174%
improvement compared to the conventional single wavelength BOTDR. As a further
improvement to the proposed system, the wavelength diversity technique was employed
in Brillouin ring laser (BRL) based BOTDR system. The proposed system demonstrated
with an improved SNR of 5.1 dB, which is 180% improvement compared to the
conventional single wavelength BOTDR using 50 km sensing fibre and 5 m spatial
resolution. At a 50 km fibre distance, the strain and temperature measurement accuracies
were +10 pe and £0.48°C, respectively. The proposed system is able to provide rail-track
condition monitoring which requires strain and temperature accuracies of <+10 pe and
<+0.5°C over a sensing range of 50 km.

Considering the difficulties of providing new fibre infrastructure for rail-track
condition monitoring in terms of installation cost, a system using existing communication
fibres is considered. Chapter 7 demonstrated the simultaneous integration of long-term
evolution (LTE) radio over fibre (RoF) data system and BOTDR sensing system using a
single optical fibre. The LTE-RoF data system is composed of three modulation formats
of quadrature phase-shift keying (QPSK), 16-quadrature amplitude modulation (16-
QAM) and 64-QAM, which modulated onto orthogonal frequency division multiplexing
(OFDM). The EVM performance is analysed for QPSK, 16-QAM and 64-QAM
modulation formats using a 10 MHz bandwidth at 2.6 GHz carrier frequency at a fixed
sensing powers. The proof-of-concept has been investigated using a 25 km single-mode
silica fibre. Uisng 18 dBm of fixed sensing power and 10 dBm data power, the measured

EVMs of QPSK, 16-QAM and 64-QAM are 3.5%, 3.4% and 3.6%, respectively. This
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simultaneous integration enables to share two emerging applications using a single optical
fibre link.

To conclude, a novel wavelength diversity BOTDR system was introduced to improve
the SNR and strain and temperature measurement accuracies. Furthermore, utilizing the
existing active data transmission cable along the rail-track side, we proposed the
simultaneous integration of LTE-RoF data system and BOTDR sensing system using a

25 km fibre and demonstrated for the first time.

8.1 Future Work

It is noteworthy that within the given time frame, the present research has contributed
to the design and development of the wavelength diversity BOTDR and an integration of
LTE-RoF data system and BOTDR sensing system. In this section, the author
recommends further research, which will be carried out in the future to extend the research
reported in the present thesis.

This thesis has given a significant attention to optimisation of BOTDR sensing
performance and strain, temperature measurement accuracy improvements. In addition,
the research focused on the integration of LTE-RoF data system and BOTDR sensing
system over single optical fibre.

For further improvements of proposed wavelength diversity BOTDR system in terms
of spatial resolution in the range of few centimetres, the method can be freely combined
with pulse coding techniques. For instance, the use of return-to-zero (RZ) simplex coding
makes it possible to combine with the wavelength diversity technique proposed here.
Moreover, in order to improve the sensing range further, the Raman amplification and
multiple in-line EDFAs can be further employed in wavelength diversity BOTDR system.
On the other hand, we considered only single-mode silica fibre in this research. There are

various types of optical fibres, namely gold-coated SMF for improving the
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strain/temperature sensitivity and photonic crystal fibres (PCF) to enhance the Brillouin
gain response compared to the standard silica SMF.

Furthermore, the integration of LTE-RoF data system and BOTDR sensing system
can be exploited into other data transmission systems, (i) dense wavelength division
multiplexing (DWDM), which has a channel spacing of 0.8 nm; and (ii) coarse
wavelength division multiplexing (CWDM) with a 20 nm channel spacing. Furthermore,
the sensing systems, such as BOTDR/BOTDA for strain/temperature monitoring and
phase-OTDR for vibration monitoring can be simultaneously employed in an existing
data transmission optical fibre link. At high sensing powers, the data transmission
performance, such as EVM need to be investigated. These qualitative measurements can
be effectively used for simultaneous measurement of strain, temperature, and vibration in

DWDM systems or other communication networks applications.
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